








sphincter	 placement	 are	 respectively	 the	 most	 common	 treatments	 for	 the	
diseases	 with	 a	 high	 percentage	 of	 complications	 and	 failures.	 Such	 surgical	
treatments	are	respectively	evaluated	only	by	clinical	and	surgical	basis	only.	For	
a	 better	 understanding	 of	 the	 processes	 involved	 to	 the	 related	 treatments,	 a	
biomechanical	 analysis	 of	 such	 biological	 structures	 in	 pre-	 and	 post-surgical	
conformation	 is	 required.	 At	 this	 purpose,	 both	 experimental	 tests	 and	
computational	 models	 are	 made,	 describing	 the	 mechanical	 behaviour	 of	 the	
related	tissues	and	structures.		
In	general,	laparoscopic	bariatric	surgical	procedures	are	effective,	but	are	often	







designed	 end	 realized.	 At	 first	 an	 experimental	 test	 bench	 is	 made.	 Than	 an	
acquisition	system	is	realized,	composed	of	an	electronic	circuit	based	on	Arduino	
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discoveries	 reached	 in	 specific	 science	 fields	 but	 mostly	 due	 to	 an	 important	
integration	 of	 different	 knowledges,	 such	 as	 mechanics,	 electronics,	 biology,	






present	 time	the	demand	for	skilled	people,	 there	will	always	work	not	only	 for	
those	who	build	special	sciences	and	on	them	they	write	monographs,	but	also	for	
those	 that	disclose	communications	between	different	groups	of	knowledges	 to	
facilitate	 an	 healthy	 interaction	 between	 them.	 And	 in	 a	 university,	 we	 are	
particularly	required	to	take	into	account	not	only	the	unity	of	the	science	itself,	
but	also	the	fellowship	of	those	who	work	in	science”	[G.	Peruzzi,	2010].	
However,	 the	 specific	 contribute	 of	 bioengineers	 to	 the	 improvement	 of	 the	
quality	of	life	may	be	linked	to	an	evolution	of	the	specific	treatments	of	people	
diseases	by	means	of	the	introduction	of	a	strong	engineering	point	of	view	in	all	
medical	 problems	which	 until	 now	was	 evaluated	 exclusively	 by	 a	 surgical	 and	
clinical	basis.		
Consequences	 are	 relevant	 not	 only	 in	 health	 but	 also	 in	 terms	 of	 social	 and	








population.	 In	 fact,	 this	 work	 aims	 to	 be	 a	 contribution	 to	 improving	 the	
treatments	of	obesity	and	urinary	incontinence	diseases,	two	big	challenges	which	
involves	 some	hundreds	of	millions	of	people	worldwide	confirming	 the	 strong	
social	 and	economic	 impacts	 [Flegal	 et	 al.,	 2012;	Knai	 et	 al.,	 2007;	Griebling	et	
al.,2014;	Brandes	et	al.,	2014].		
The	20th	century	was	subjected	to	an	extreme	increase	in	population	prevalence	
of	 obesity.	 Despite	 recent	 surveys	 suggest	 that	 the	 increase	 in	 prevalence	
previously	 observed	 may	 not	 be	 continuing	 at	 a	 similar	 rate,	 there	 are	 no	
indications	that	the	prevalence	of	obesity	is	declining.	However,	in	2009-2010,	the	
prevalence	 of	 obesity	 was	 35.5%	 among	 adult	 men	 and	 35.8%	 among	 adult	
women	in	USA	[Flegal	et	al.,	2012].	European	populations	are	also	largely	affected	

















procedures	 that	 ensure	 effectively	 long	 term	 results	 consist	 in	 laparoscopic	
techniques,	such	as	the	gastric	banding,	the	sleeve	gastrectomy	and	the	gastric	
bypass.		Despite	patients	who	undergo	bariatric	surgery	are	likely	healthier	than	
severely	 obese	 others,	 early	 and	 late	 rates	 of	 adverse	 events	 associated	 with	




approach	 to	 obesity	 and	 also	 to	 improve	 access.	 Emerging	 endoscopic	




The	 specific	 bariatric	 procedure	 and	 the	 post-surgical	 conformation	 of	 the	
operated	 gastrointestinal	 organs	 are	 usually	 defined	 on	 clinical	 basis	 only,	
considering	 calories	 intake	 requirement	 and	 surgical	 parameters.	 Further	
physiological	 and	 mechanical	 processes	 should	 be	 considered,	 as	 the	 physio-
mechanical	 functionality	 of	 the	 gastrointestinal	 organs	 and	 the	 relationship	
between	food	intake,	mechanical	stimulation	of	gastrointestinal	wall,	adsorbing	
capacity	 and	 feeling	 of	 satiety.	 Methods	 and	 procedures	 of	 bariatric	 surgery	
should	 be	 consequently	 defined	 by	 integrating	 competences	 in	 the	 areas	 of	
surgery,	 physiology	 and	 biomechanics.	 Considering	 the	 specific	 bariatric	
procedure,	computational	models	of	the	gastrointestinal	tract	can	be	developed	
and	 applied	 to	 quantitatively	 investigate	 the	 mechanical	 stimulation	 of	 the	











incontinence	 affects	 almost	 half	 of	 middle-aged	 and	 older	 women	 and	 is	
associated	with	substantial	medical	and	psychological	morbidity	and	diminished	
quality	of	 life	[Subak	et	al.,	2014].	There	 is	a	significant	difference	between	the	
urinary	 incontinence	 rates	of	elderly	people	 living	 in	 the	community	and	 those	















impact	 quality	 of	 life	 even	 in	 those	 patients	 with	 minimal	 incontinence.	 After	
removal	of	the	post-operative	catheter,	nearly	all	patients	will	experience	at	least	
transient	stress	urinary	incontinence.	Additional	factors	that	have	been	shown	to	
be	 associated	 with	 post-prostatectomy	 include	 patient	 age,	 body	 mass	 index	
(BMI),	baseline	urinary	function,	prior	prostate	procedures,	surgeon	experience,	
nerve	 sparing	 technique	and	post-op	bladder	neck	 contractures,	 among	others	
[Brandes	et	al.,	2014]. Given	the	prevalence	and	treatable	nature	of	the	condition,	
stress	 urinary	 incontinence	 remains	 an	 important	 topic	 with	 significant	








protection,	 and	 laundry.	 Annual	 cost	 estimates	 vary	 widely	 between	 $50	 and	
$1000	per	person	per	year	and	increase	with	the	severity	of	urinary	incontinence	
[Subak	 et	 al.,	 2014],	 confirming	 the	 high	 social-economic	 impact	 of	 urinary	
incontinence,	as	well	as	the	obesity	problem.		
Nowadays,	clinical	treatments	of	incontinence	consist	of	conservative	procedures	
and	 surgical	 procedures.	 Despite	 some	 recent	 studies	 showed	 the	 cost	
effectiveness	 of	 the	 surgical	 rather	 than	 conservative	 techniques at	 1	 year 
[Richardson	 et	 al.,2014],	 their	 reliability	 and	 durability	 should	 be	 investigated	
further. A	 common	 surgical	 treatment	 in	 case	 of	 severe	 incontinence	 is	 the	
artificial	urinary	sphincter	placement	and,	since	the	initial	concept	was	introduced	
in	 1949	 with	 a	 lot	 of	 clinical	 complications,	 the	 artificial	 urinary	 sphincter	 has	
undergone	 multiple	 improvements	 and	 modifications,	 resulting	 as	 the	 gold	
standard	 treatment	 [Brandes	 et	 al.,	 2014].	 	 Artificial	 sphincters	 are	 devices	
allowing	 the	 continence	 by	 means	 of	 urethral	 duct	 occlusion	 obtained	 by	 the	
application	of	a	constant	pressure	within	an	occluding	cuff.	In	healthy	conditions,	
the	physiological	occlusion	is	provided	by	the	external	sphincter	muscle	and	the	






interacts	with	 soft	 tissue	 in	 the	 border	 region	with	 reduced	 shear	 effect,	 thus	
decreasing	 the	risk	of	erosion	and	tissue	atrophy.	Despite	positive	post-surgery	
outcomes,	 a	 relevant	 proportion	 of	 patients	 requires	 revision	 surgery,	 due	 to	






different	 effects	 of	 the	 same	 problem,	 due	 to	 persistent	 cuff-induced	 urethral	
compression.	Urethral	atrophy	consists	in	the	circumferentially	reduction	of	bulk	
tissue	properties	 in	 time.	As	a	consequence	of	atrophy,	a	cuff	 that	was	 initially	
sized	appropriately	may	become	inadequate	for	ensuring	continence.	Over	time,	
tissue	degradation	may	become	erosion,	 inducing	degenerative	effects	that	are	
related	 to	 the	 stress	 and	 strain	 distributions	 within	 urethral	 tissues	 during	
occlusion.		
The	design	of	an	artificial	urinary	sphincter	is	mostly	performed	on	a	clinical	and	






process.	 The	 development	 of	 reliable	 computational	 models	 requires	 the	
exhaustive	 experimental	 characterization	 of	 the	 constituent	 tissues	 through	
histological	 analysis	 and	 mechanical	 testing.	 The	 histological	 analysis	 aims	 to	
identify	the	configuration	of	tissues,	including	the	content	of	collagen	or	muscle	
fibers	in	the	different	layers.	This	information	allows	a	preliminary	hypothesis	to	
be	 formed	regarding	 the	mechanical	behavior	and	suggesting	 the	experimental	
tests	 to	develop	 [Natali	et	al.,	2016a].	Experimental	 investigation	on	humans	 is	
complex	and	must	take	into	account	an	extended	group	of	subjects	of	similar	age,	
body	 conformation	 and	 health	 conditions.	 At	 present,	 experimental	 testing	 on	
human	urethra	is	performed	in	vivo.	In	order	to	carry	out	ex	vivo	tests,	a	suitable	
animal	 model	 should	 be	 selected,	 presenting	 similarity	 to	 the	 human	 penile	
urethra	 in	 terms	 of	 histology	 and	 overall	 conformation	 aiming	 at	 developing	 a	
method	that	can	be	extended	on	the	basis	of	an	experimental	 investigation	on	
human	samples	already	in	progress.	The	experimental	results	allow	the	definition	






To	 address	 these	 issues,	 the	 goal	 of	 the	 current	 work	 is	 to	 provide	 both	 a	
computational	 approach	 to	 the	 design	 of	 an	 innovative	 endoscopic	 bariatric	
technique	 and	 an	 experimental	 setup	 design	 for	 the	 mechanical	 test	 of	 the	
urethral	structure	during	the	duct	occlusion	given	by	an	artificial	urinary	sphincter	
cuff.	 	 The	 chapter	 1	 considers	 both	 clinical	 problems	 of	 obesity	 and	 urinary	
incontinence,	starting	 from	the	anatomical	analysis	of	both	the	gastrointestinal	
and	 lower	 urinary	 tracts	 involved	 to	 such	 diseases	 to	 an	 overall	 description	 of	
current	state	of	arts	in	the	relative	surgical	treatments.	Chapters	2	and	3	describe	








focus	on	 the	design	of	clips	 involved	to	 the	specific	endoscopic	gastric	bending	
procedure	 proposed	 and	 their	mechanical	 analysis	 by	means	 of	 computational	
tools.	On	the	other	hand,	chapter	5	describes	all	the	devices	designed	and	realized	











































problems	as	such	 is	given,	 followed	by	an	overall	anatomical	description	of	 the	




of	 an	 imbalance	 between	 food	 intake	 and	 energy	 expenditure,	 and	 it	 may	
adversely	affect	the	health	of	individuals.	It	varies	not	only	in	the	amount	of	excess	
fat,	but	also	in	the	distribution	of	that	fat	within	the	body.	Many	are	the	variables	
























diabetes),	 cardiovascular	 diseases	 and	 cancer. It	 has	 also	 important	metabolic	
complications: enlarged	adipose	tissue	results	in	the	infiltration	of	macrophages	
and	 unbalance	 of	 pro-inflammatory	 and	 anti-inflammatory	 factors	 secreted	 by	





2014]. Furthermore,	 overweight	 and	 obese	 patients	 usually	 present	 other	
debilitating	health	conditions,	called	functional	diseases.	Functional	diseases	have	
a	mechanical	origin	due	to	the	large	amounts	of	excess	weight	that	must	be	carried	






that	 can	 have	 fatal	 consequences	 associated	 with	 cardiac	 arrhythmias	 [WHO,	
2000].	
In	many	industrialized	countries	obesity	is	associated	with	various	psychological	
and	 psychosocial	 problems	 in	 terms	 of	 undesirable	 bodily	 appearance	 and	
discrimination.	These	problems	often	lead	to	a	worsening	of	the	situation	resulting	




Kingdom	and	 the	USA	earn	 significantly	 less	 than	healthy	women	who	 are	 not	
overweight	 or	 than	 women	 with	 other	 chronic	 health	 problems	 [WHO,	 2000;	
Huston	et	al.,	2009;	Booth	et	al.,	2015].	
When	the	failure	to	control	for	cigarette	smoking	and	unintentional	weight	loss	
are	 removed	 from	 the	 analysis	 of	 mortality	 data,	 there	 is	 an	 almost	 linear	



























continuous	with	 the	 serosa	of	parietal	 and	visceral	peritoneum,	and	 they	carry	
blood	vessels,	nerves,	and	lymphatics	to	serve	the	digestive	tube.	Mesenteries	are	
also	a	common	location	for	fat	to	deposit.		




before	 the	delivery	 into	 the	duodenum	 (figure	 1.2).	 The	 shape	of	 the	 stomach	
varies	among	 individuals	and	depends	on	 its	 filling.	When	 food	 is	 ingested,	 the	














However,	 the	 three	main	 functional	regions	of	 the	 stomach	 are	the	fundus,	 the	
body	and	the	pyloric	antrum	(figure	1.2).	The	fundus	is	on	the	left	of	the	cardiac	
orifice	and	often	filled	with	air.	The	body	of	the	stomach	passes	from	the	cardiac	
orifice	 to	 the	 incisura	 angularis,	 stores	food	 and	 is	 the	 part	 of	 the	 organ	 that	





antrum	 that	 mixes	food	 with	digestive	 fluid	 and	 generates	fluid	 motions,	
contributing	to	the	breakdown	of	the	particles	until	they	are	small	enough	to	pass	










along	 the	 greater	 and	 smaller	 curvature.	 Gastric	 arteries	 arise	 from	 all	 three	
branches	of	the	celiac	trunk:	the	left	gastric	artery	(the	largest	vessel)	and	the	right	





gastroepiploic	 artery	 comes	 from	 the	 gastro-duodenal	 branch	 of	 the	 hepatic	
artery,	the	left	gastroepiploic	artery	and	short	gastric	arteries	that	come	from	the	
splenic	artery.	




esophageal	 hiatus	 of	 the	 diaphragm	 to	 provide	 the	 lower	 esophagus.	 It	 is	
accompanied	by	the	corresponding	esophageal	vein	that	flows	into	the	left	gastric	
vein.	Lymphatic	drainage	follows	the	usual	rule	of	accompanying	the	blood	supply	










and	 going	 toward	 the	 lumen,	 they	 are	 respectively	 serosa	 (peritoneum),	
muscolaris	propria,	submucosa	and	mucosa	[Amerongen,	2010].	
The	serosa	is	comprised	of	simple	squamous	epithelium	overlying	a	thin	layer	of	






also	 line	 the	gastric	pits	 that	 invaginate	 the	mucosa	 for	about	one-quarter	of	 its	
thickness.	Gastric	pits	lead	into	tubular	gastric	glands	lined	in	their	upper	half	with	
pink-staining	parietal	 cells	 and	 in	 their	 lower	half	with	purple-staining	 chief	 cells	
[Amerongen,	2010].	
The	 muscularis	 propria	 of	 the	 stomach	 consists	 of	 outer	 longitudinal,	 middle	








The	mucosa	 (figure	 1.5)	 is	 itself	made	up	of	 three	 layers:	muscolaris	mucosae,	
lamina	propria	and	epitelium	[Amerongen,	2010].	
The	 muscularis	 mucosae	 is	 a	 thin	 layer	 of	 muscle,	 which,	 like	 the	 muscularis	
propria,	is	organized	into	inner	circular	and	outer	longitudinal	fibers.	The	lamina	
propria	is	a	layer	of	loose	connective	tissue	containing	capillaries	and	nerves	that	
supply	the	epithelium. The	epithelium	is	the	innermost	layer of the mucosa	that	
is	extensively	invaginated	into	the	lamina	propria	to	form	the	stomach	glands.	The	
superficial	segment	of	each	tubular	invagination	is	called	a	gastric	pit.	Each	gastric	
pit	branches	at	 its	base	 to	 form	the	deeper	cardiac,	gastric,	and	pyloric	glands.	
Thus,	the	gastric	pits	can	in	a	sense	be	regarded	as	ducts	of	the	deeper	glands.	




cells	have	a	much	slower	 turnover	 rate.	The	cardiac	glands	of	 the	 stomach	are	
situated	 near	 the	 junction	with	 the	 esophagus.	 They	 are	 coiled	 tubular	 glands	
made	up	of	mucous	cells.	The	pyloric	glands,	 like	 the	cardiac	glands,	are	coiled	
tubular	glands.	They	are	mainly	made	up	of	mucous	cells	but	enteroendocrine	cells	














activates	 pepsin	 that	 helps	 to	 digest	 ingested	 peptides.	 At	 the	 same	 time	 the	
smooth	muscles	of	the	fundus	of	the	stomach	initially	relax	via	a	vagal	reflex	to	
allow	 to	 store	 the	 ingested	 nutrients	 in	 the	 proximal	 stomach	while	 the	 distal	




the	 soft	 food	 particles	 and	 controls	 the	 delivery	 of	 food	 into	 the	 duodenum.	
Besides	 the	 exposure	 to	 the	 acidic	 gastric	 juice	 the	 stomach	 ensures	 that	 the	
ingested	nutrients	are	delivered	into	the	duodenum	at	a	rate	that	does	not	exceed	




nutrients)	 are	 sensed	 by	mechanosensory	 and	 chemosensory	 receptors.	 These	
receptors	 trigger	 either	 enteric	 (intrinsic)	 or	 vagal	 and	 sympathetic	 (extrinsic)	
pathways	to	regulate	and	control	motor	and	secretory	function	sensed	by	specific	
receptors	 in	 the	 gut	 wall	 and	 initiate	 reflexes	 via	 either	 the	 intrinsic	 (enteric)	





osmolality,	 acidity,	 and	 macronutrient	 composition	 represent	 the	 dominant	
sensory	 modalities	 [Holtman	 et	 al.,	 2014].	 This	 sensory	 information	 is	 partly	
mediated	via	the	enteric	nervous	system	to	facilitate	secretion,	absorption,	and	

















spinal	 column	 via	 a	mesentery.	 The	 distension	 of	 the	 viscera,	 due	 to	 the	 food	
bolus,	 unleashes	 a	 nervous	 reflex	 that	 causes	 the	 contraction	 of	 the	 circular	
smooth	muscle.	The	peristaltic	reflex	is	due	to	an	involuntary	contraction	linked	
to	 the	 activity	 of	 the	 autonomic	 nervous	 system	 that	 sends	 impulses	 to	 the	
peripheral	 nerve	 distributed	 network	 in	 the	 intestines	 such	 as	 the	 myenteric	








































The	 ileum	 is	 the	 third	 and	 final	 part	 of	 the	 small	 intestine.	 It	 follows	
the jejunum and	 ends	 at	 the	 ileocecal	 junction,	 where	 the terminal	 ileum	
communicates	with	the cecum of	the	large	intestine	through	the ileocecal valve.  




both	 for	 the adsorption (attachment)	 of enzyme molecules	 and	 for	
the absorption of	 products	 of digestion. Jejunum	 and	 ileum	 form	 the	 small	
intestine	 mesenteric	 portion,	 which	 comes	 with	 a	 very	 large	 structure,	 highly	
convoluted,	folded	on	itself	and	characterized	by	greater	mobility	than	duodenum. 
1.1.2 BARIATRIC	SURGERY	
The	 psychological	 associations	 related	 with	 food	 showed	 that	 a	 substantial	
number	of	obese	people	eat	for	reasons	other	than	hunger.	These	may	 include	




substantial	 weight	 loss	 and	 becoming	 more	 commonplace	 for	 patients	 with	
morbid	 or	 severe	 obesity.	 Consensus	 guidelines	 from	 a	 National	 Institutes	 of	
Health	conference	include	BMI	>	40	kg/m2	or	BMI	>	35	kg/m2	with	obesity-related	




area	 restriction,	 intended	 nutrient	 malabsorption,	 effects	 on	 gastrointestinal	










Contemporary	 bariatric	 surgery	 techniques	 involve	 a	 total	 weight	 loss	 with	 an	
average	 ranging	 from	 20%	 to	 35%	 of	 total	 body	 weight.	 The	 most	 common	
bariatric	 procedures	 performed	 worldwide	 are	 laparoscopic	 Roux-en-Y	 gastric	







The	 Roux-en-Y	 gastric	 bypass	 works	 as	 both	 a	 malabsorptive	 and	 restrictive	
operation.	First,	as	shown	in	the	figure	1.7,	the	stomach	is	divided	into	an	upper	
stomach	pouch	 (15÷30	ml)	and	a	 lower	gastric	 remnant.	The	stomach	pouch	 is	
then	 anastomosed	 to	 the	 mid-jejunum,	 and	 a	 jejuno-jejunal	 anastomosis	 is	





allowing	 gastric,	 pancreatic,	 and	 biliary	 secretions	 to	mix	with	 food,	which	 has	




















malabsorption.	 Complications	 include	 anastomotic	 leak,	 bleed	 or	 stricture,	 but	
nutritional	abnormalities	are	less	common	than	in	other	malabsorptive	operations	
such	as	the	biliopancreatic	diversion	and	duodenal	switch [Owers	et	al.,	2014].  
LAPAROSCOPIC	VERTICAL	SLEEVE	GASTRECTOMY	
As	figure	1.8	shows,	this	is	a	restrictive	surgery	that	involves	the	removal	of	70%	

















Some	 patients	 who	 undergo	 sleeve	 gastrectomy	 may	 require	 subsequent	






Laparoscopic	 adjustable	 gastric	 banding	 is	 another	 purely	 restrictive	 procedure	
that	 involves	 the	 insertion	 of	 an	 adjustable	 band	 immediately	 below	 the	
gastroesophageal	 junction	 on	 the	 proximal	 stomach	 (figure	 1.9)	 [Chang	 et	 al.,	
2017].	The	restriction	of	the	band	is	adjusted	with	fluid	via	a	port,	connected	to	
the	tubing	and	placed	subcutaneously	on	the	anterior	abdominal	wall.	This	causes	





through	 in	 reasonable	 time.	 	 A	 high	 level	 of	 patient	 compliance	 with	 dietary	







in	 the	 repertoire	 of	most	 bariatric	 surgeons.	 All	 3	 procedures	 are	 now	 almost	
exclusively	done	laparoscopically;	the	proportion	of	laparoscopic	bariatric	surgery	












This	 solution	 is	 a	 variation	 of	 the	 Roux-en-Y	 bypass	 technique	 and	 involves	
increasing	the	length	of	the	Roux	limb	to	upwards	of	200	cm,	resulting	in	increased	
malabsorption	 (figure	 1.10)	 [Chang	 et	 al.,	 2017].	 	 Although	 increasing	
malabsorption	results	in	greater	weight	loss,	these	operations	are	less	commonly	
performed	 due	 to	 the	 high	 risk	 of	 nutritional	 abnormalities	 following	 surgery.	


















Over	 the	 long-term,	 observational	 studies	 suggest	 that	 bariatric	 surgery	 is	
associated	with	a	30%	to	45%	 lower	risk	of	death	compared	to	similar	patients	
with	severe	obesity	who	did	not	undergo	bariatric	surgery.	Most	of	the	observed	
reduction	 in	mortality	 risk	 is	 due	 to	 lower	 risks	 of	 deaths	 from	 cardiovascular	
disease,	diabetes,	and	cancer.	However,	patients	who	undergo	bariatric	surgery	
are	 likely	healthier	 than	 severely	obese	others	 so	 caution	 should	be	advised	 in	
interpreting	 these	 results.	 Patients	 undergoing	 surgery	 go	 through	 a	 rigorous,	





multi-	 disciplinary	 team,	 and	 require	 successful	 weight	 loss	 prior	 to	 bariatric	
surgery,	thereby	displaying	their	commitment	and	motivation.	It	is	important	to	




Although	 mortality	 rates	 associated	 with	 bariatric	 surgery	 have	 decreased	




the	 current	 gap	 in	 our	management	 approach	 to	 obesity	 and	 also	 to	 improve	
access.	Emerging	endoscopic	technologies	can	reproduce	some	of	the	anatomic	
alterations	 created	 during	 bariatric	 surgery	 and	 are	 proving	 to	 be	 effective	
treatments	for	obesity	in	selected	patients.	They	additionally	offer	the	potential	







attempt	 to	 mimic	 these	 mechanisms	 by	 decreasing	 effective	 gastric	 capacity.	
These	technologies	include	space-occupying	devices	and	those	that	alter	gastric	
anatomy.	Space-occupying	devices	most	commonly	take	the	form	of	temporarily	



















or	 remove	 the	 balloon,	 such	 as	 pharyngeal	 trauma	 or	 perforation,	 although	









Endoscopic	 sleeve	 gastroplasty	 (figure	 1.12)	 is	 a	 transoral	 endoscopic	 gastric	
volume	 reduction	 technique	 that	 reduces	 gastric	 capacity	 by	 creating	 an	








device	 (Overstitch;	 Apollo	 Endosurgery,	 Austin,	 Tex)	 that	 requires	 a	 double-
channel	 therapeutic	 gastroscope	 to	operate.	 Full-thickness	 suture	placement	 is	
aided	 by	 the	 use	 of	 a	 tissue	 helix	 device	 that	 captures	 the	 targeted	 suture	
placement	 site	 on	 the	 gastric	wall	 and	 retracts	 it	 into	 the	 suturing	 arm	 of	 the	
device	[ASGE,	2015].		
GASTROINTESTINAL	BYPASS	SLEEVE	(ENDOBARRIER) 
The	 endobarrier	 (figure	 1.13)	 is	 a	 further	 endoscopic	 procedure,	 although	 a	









long-term	 results	 are	 required	 to	 see	 if	 it	 is	 successful	 after	 removal.	 The	
endobarrier	 is	 marketed	 primarily	 as	 a	 cure	 for	 type	 2-diabetes	 rather	 than	 a	
method	for	pure	weight	loss.	Therefore,	it	 is	most	useful	in	obese	patients	with	






profound	 negative	 impact	 on	 quality	 of	 life.	 It	 is	 estimated	 that	 urinary	
incontinence	potentially	affects	over	200	million	people	worldwide.	In	addition,	it	












incontinence	 is	 caused	 by	 temporary	 factors	 that	 are	 usually	 solved	 and	 it’s	 a	
common	 and	 reversible	 clinical	 problem.	 It	 is	 estimated	 that	 30-50%	 of	
incontinence	which	 afflicts	 the	 elderly	 population	 is	 transient	 [Griebling	 et	 al.,	
2014].	 This	 dissertation	 work	 focus	 on	 chronic	 incontinence,	 a	 condition	 that	
persists	 over	 time	 and	 is	 not	 related	 to	 factors	 such	 as	 illness	 and	 use	 of	
medications.	
1.2.1	CHRONIC	URINANRY	INCONTINENCE		
When	chronic	 incontinence	develops	 in	older	adults,	 it	 is	often	associated	with	
long-term	persistent	abnormalities	 in	the	structure	or	in	the	lower	urinary	tract	
function.	 Urinary	 incontinence	 in	 elderly	 patients	 with	 functional	 alterations	
usually	can	be	attributed	to	hyper	or	hypo-activity	bladder,	urethral	obstruction,	
or	urethral	incompetence.		




Events	 that	 are	 commonly	 associated	 with	 stress	 incontinence	 are	 coughing,	
laughing,	sneezing	or	standing	up	from	a	sitting	position,	all	characterized	by	an	
increase	 in	 intra-abdominal	 pressure.	 This	 type	 of	 phenomenon,	 in	 fact,	 takes	
place	when	the	intra-abdominal	pressure	exceeds	the	urethral	occlusion	pressure,	
often	due	 to	a	urethral	hypermobility	or	 ineffective	action	 sphincter.	 In	elderly	
male,	stress	incontinence	may	result	consequently	to	the	prostate	surgery	such	as	
radical	 prostatectomy,	 transurethral	 resection	 or	 ablation	 procedure	 for	 the	










Urge	 urinary	 incontinence	 is	 characterized	 by	 an	 involuntary	 loss	 of	 urine	
associated	to	a	strong	and	sudden	desire	to	empty	the	bladder	due	to	over-activity	
of	 the	detrusor	muscle	or	an	 increase	of	 fullness	due	to	an	overactive	bladder.	
Urge	incontinence	occurs	when	the	detrusor	muscle	contracts	involuntarily	during	
filling	of	the	bladder,	forcing	the	urine	exiting	through	the	urethra.	It	is	the	type	of	
incontinence	more	 encountered	 in	 patients	 located	 in	 long	 term	 care	 facilities	
[Griebling	 et	 al.,	 2014].	 Common	 causes	 of	 urge	 incontinence	 are	 neurological	











the	 obstruction	 of	 the	 urethra	 or	 the	 poor	 bladder	 contractility.	 In	 women	
obstructions	are	rare	and	usually	the	overflow	incontinence	is	related	to	a	poor	
detrusor	 activity.	 In	 men,	 instead,	 obstruction	 is	 a	 common	 cause	 for	 this	
condition.	 Treatment	 of	 obstruction	 usually	 leads	 to	 resolution	 of	 urinary	
retention	that	caused	incontinence	and	the	solution	may	be	pharmacological	or	









This	 condition	 is	 an	 inability	 or	 unwillingness	 of	 an	 individual	 to	 use	 the	 toilet	
facilities.	 This	 is	 commonly	 associated	 with	 cognitive	 or	 mobility	 limitations.	
Cognitive	disorders	include	both	delirium	and	dementia	are	often	associated	with	
the	loss	of	awareness	of	bladder	filling	sensation.	Patients	may	also	lose	the	ability	









operators.	 In	 case	 overflow	 incontinence	 exclusion,	 this	 raises	 the	 suspicion	 of	
other	 anatomical	 abnormalities.	 Women	 with	 vaginal	 fistula	 or	 ureterovaginal	
fistula	are	more	subjected	of	constant	urinary	leakages.	In	some	cases,	in	which	
there	is	presence	of	a	small	fistula,	can	be	very	difficult	to	confirm	the	diagnosis	of	
continuous	 incontinence	 for	 vaginal	 cause.	 A	 further	 study	 of	 the	 problem	 by	






tract”	 (kidneys	and	ureters),	 the	 same	 in	both	 sexes,	 and	 “lower	urinary	 tract”	





Differences	 consists	 mainly	 in	 the	 urethral	 tract,	 longer	 in	 man	 due	 to	 the	






on	 each	 side	 of	 the	 midline,	 are	 the	 corresponding	 seminal	 vesicles	 and	 the	
terminal	 portions	 of	 the	 vas	 deferens	 and	 ureter	 (figure	 1.15).	 Inferiorly,	 the	
bladder	neck	continues	directly	into	the	urethra.	In	the	female,	the	latter	is	seen	
to	be	embedded	in	the	anterior	wall	of	the	vagina,	and	together	these	structures	
traverse	 the	 levator	 hiatus.	 The	male	 bladder	 neck,	 insteadd,	 lies	 immediately	






























made	of	other	 two	 inferior-lateral	 convex	 surfaces	 and	of	 a	 lower	portion,	 the	
more	stable,	called	the	bladder	neck.	The	region	on	the	bottom	of	the	bladder,	of	











The	 bladder	 is	 attached	 to	 the	 surrounding	 tissue	 due	 to	 the	 peritoneum,	 the	










apex),	 the	 lateral	 umbilical	 ligaments	 (descended	 from	 the	 umbilical	 scar	 and,	
diverging,	go	to	fixate	the	bladder	lateral	faces),	front	vesicular	ligaments	(from	
the	posterior	 of	 the	pubic	 symphysis	 to	 the	base	of	 the	bladder),	 bladder	 rear	











From	 within	 to	 outwards	 these	 are:	 an	 inner	 lining	 of	 urothelium,	 the	 lamina	





The	 lamina	 propria	 is	 a	 supporting	 layer	 of	 connective	 tissue	 that	 contains	
capillaries,	 lymphatic	 vessels	 and	 neuroreceptors.	 It	 is	 demarcated	 from	 the	
urothelium	by	a	distinct	basement	membrane.	The	muscular	layer	made	up	of	the	
detrusor	muscle.	The	detrusor	muscle	is	an	interlacing	network	of	multi-directional	
















The	male	urethra	may	be	divided	 into	proximal	 (posterior)	and	distal	 (anterior)	
segments.	 The	 proximal	 segment	 is	 comprised	 of	 prostatic	 and	 membranous	
portions,	while	 the	distal	 segment	 is	made	up	of	bulbous	and	penile	 segments	
(figure	 1.17).	 Besides	 anatomical	 differences	 these	 segments	 also	 have	 certain	
important	 functional	 differences.	 The	 prostatic	 urethra	 is	 3–4	 cm	 in	 length,	 is	














Internal	 urethral	 smooth	muscle	 and	 the	 external	 urethral	 sphincter	 form	 the	
urinaryl	sphincter	complex.	This	latter	(widely	described	below),	is	the	contractile	














glans.	 The	 spongiose	 urethra	 is	 the	 direct	 continuation	 of	 the	 membranous	
urethra,	and	is	subdivided	into	bulbous,	penile	and	glanular	parts.		
The	 bulbous	 urethra	 extends	 from	 the	 membranous	 one,	 below	 the	 external	





presents	 a	 very	wide	and	 thick	 initial	 tract	 called	bulb,	whose	 lumen	has	 inner	
diameter	of	approximately	10	mm	and	is	surrounded	by	spongy	tissue,	which	walls	
have	a	variable	thickness	between	4	and	12	mm.	As	shown	in	figure	1.18,	going	



























The	 smooth	 and	 striated	 components	 of	 the	 urethral	 sphincter	 muscles	 are	
indistinctly	 separated,	 and	 are	 supported	by	 the	paraurethral	musculature	 and	
connective	tissue	of	the	pelvic	floor.	 
EXTERNAL	URETHRAL	SPHINCTER 
The	 external	 urethral	 sphincter	 o	 rhabdosphincter	 is	 an	 omega-shaped	 or	
horseshoe-shaped	 muscle	 that	 is	 most	 prominent	 at	 the anterior	 and	 lateral	
aspects	of	the	membranous	urethra.	Its	striated	fibers	are	continuous	distally	to	
the	perineal	membrane,	and	extend	proximally	over	the	anterior	prostate	to	the	
base	 of	 the	 bladder	where	 they	 thin	 out	 as	 they	 intermingle	with	 the	 smooth	
muscle	fibers	of	the	bladder	(figure	1.20).	 
The	 rhabdosphincter	 is	 an	 independent	morphological	 unit,	which	 is	 separated	
from	the	surrounding	pelvic	floor	muscles	by	connective	tissue.	Due	to	the	small	
size	of	the	individual	muscle	fibers	of	the	rhabdosphincter	(25–30%	smaller	than	







The	 rhabdosphincter	 is	 comprised	of	 slow	and	 fast	 twitch	muscle	 fibers,	with	a	
greater	 proportion	 of	 fast	 twitch	 fibers	 seen	 in	 the	 main	 caudal	 part.	 The	








prominent	 proximally	 at	 the	 bladder	 neck	 and	 thins	 out	 distally. The	 smooth	









Figure	 1.21.	 Illustration	 of	 a	 sagittal	 section	 of	 urinary	 sphincter	 complex	 from	
Koraitim,	2008,	representing	the	bladder	wall	(1),	the	pre-prostate	lissosfincter	(2),	
the	distal	 lissosfincter	 (3),	 the	 rhabdosphincter	 (4),	 the	prostatic	 rhabdosphincter	
(5),	the	perineal	membrane	(6)	and	the	prostate	body	(7).	
HISTOLOGICAL	ANALYSIS	OF	THE	MALE	URETHRA	
The	 tissues	 of	 the	 male	 urethra	 are	 composed	 of	 a	 mucosa	 with	 different	
composition	which	are	related	to	the	different	urethral	tracts	[Ovalle	et	al.,	2013].	
Urethral	mucosa	is	made	of	two	main	layer,	the	epithelium	that	lining	the	internal	
cavity	 and	 the	 lamina	 propria,	 a	 layer	 of	 a	 fibro-connective	 and	 highly	
vascularizated	tissue	(figure	1.22).		
In	 the	 prostatic	 urethra,	 the	 epithelium	 is	 mainly	 constituted	 by	 urothelium	
(transitional	 epithelium),	 with	 interposed	 sections	 of	 stratified	 columnar	
epithelium.	
The	corresponding	 lamina	propria	 is	rich	 in	cells	with	 isolated	smooth	muscular	























Most	 of	 the	 penile	 urethral	 lining	 is	 a	 stratified/pseudostratified	 columnar	
epithelium,	whereas	 the	distal	penile	urethra,	 including	 the	 fossa	navicularis,	 is	
lined	by	stratified	non-keratinizing	squamous	epithelium	(figure	1.24).	The	lamina	









Figure	 1.24:	 Illustrtion	 of	 the	 urethral	 epithelium	 from	 Ovalle	 et	 al.,	 2013,	 showing	
transitional	epithelium	of	protatic	urethra	(A),	pseudostratified	columnar	epithelium	of	the	











The	corpus	spongiosum,	as	shown	 in	 figure	1.25,	 is	 then	covered	by	the	Tunica	
Albuginea,	a	thick	layer	of	dense	connective	tissue,	compound	about	an	80%	by	








The	 female	 urethra	 in	 the	 adult	 is	 approximately	 4	 cm	 in	 length	 and	 8	mm	 in	
diameter	[Ovalle	et	al.,	2013].	Commencing	at	the	internal	urethral	orifice	within	
the	bladder	neck,	it	passes	antero-inferiorly	below	and	behind	the	pubic	symphysis	
to	 end	 at	 the	 external	 urethral	 orifice.	 The	 latter	 is	 located	 in	 the	 vestibule	









Together	 the	urethra	and	vagina	pass	successively	 through	the	pelvic	 floor,	 the	
external	 urethral	 sphincter	 and	 the	 perineal	 membrane.	 The	 external	 urethral	
sphincter	 in	 the	 female,	as	 in	 the	male,	 is	made	up	of	slow-twitch	 fibres	and	 is	
innervated	by	the	perineal	branch	of	the	pudendal	nerve.	Multiple,	small	mucus-
secreting	glands	situated	in	the	subepithelial	tissue	of	the	proximal	urethra,	open	






and	 with	 squamous	 stratified	 epithelium	 at	 vestibular	 aperture.	 The	 female	














duloxetine,	 urethral	 plugs	 may	 be	 considered.	 Surgery	 for	 stress	 urinary	
incontinence	should	only	be	undertaken	following	a	comprehensive	assessment	
and	when	conservative	treatments	have	failed	[Hussain	et	al.,	2013].			
Surgical	 treatments	 are	 mainly	 adopted	 for	 the	 treatment	 of	 stress	 urinary	
incontinence.	 Common	procedures	 for	 stress	 incontinence	 are	 urethral	 bulking	
agents,	colposuspencion,	tape	procedures,	sling	procedures	and	artificial	urethral	
sphincters	 [Hussain	 et	 al.,	 2013].	 Surgery	 is	 less	 used	 in	 case	 of	 urge	 urinary	
incontinence	and	overflow	incontinence.	For	the	first	condition,	 lately	solutions	





Follows	 an	 overall	 description	 of	 surgical	 treatments	 of	 stress	 urinary	
incontinence,	 especially	 focused	 on	 the	 artificial	 male	 urethral	 sphincter	
placement,	in	due	to	the	aim	of	this	work.		
URETHRAL	SLINGS	







































the	 treatment	 of	male	 stress	 urinary	 incontinence.	 Patients	 with	 persistent	 or	





Figure	1.28.	Male	 urethral	 sling	placement	 procedure:	 after	 a	 perineal	 incision	between	
(between	 anus	 and	 scrotus),	 the	 broad	 portion	 of	 the	 mesh	 is	 fixed	 to	 the	 corpus	
spongiosum	with	4	sutures,	two	proximal	and	two	distal	(left);	With	tensioning	of	the	sling,	
the	 corpus	 spongiosum	 is	 pulled	 proximally	 causing	 coaptation	 of	 the	 urethra	 (right)	
[Brandes	et	al.,	2014].	
Patients	 competent	 and	 willing	 to	 operate	 an	 artificial	 urinary	 sphincter	 may	
undergo	 an	 artificial	 sphincter	 placement	 following	 failed	 sling.	 This	 is	 easily	





















Complications	 of	 colposuspension	 include	 hemorrhage	 and	 bladder	 trauma.	
Cystoscopy	 is	 recommended	 at	 the	 end	 of	 the	 procedure	 to	 rule	 out	 bladder	







The	decision	 to	perform	an	open	or	 laparoscopic	procedure	depends	upon	 the	
skills	of	 the	 surgeon.	The	 laparoscopic	procedure	 requires	 the	 surgeon	 to	have	
advanced	 laparoscopic	 suturing	 skills.	 Laparoscopic	 colposuspension	 should	 be	







Injectable	 therapy	 use	 bulking	 agents	 composed	 of	 synthetic	materials,	 bovine	
collagen,	 or	 an	 autologous	 substance	 augments	 the	 urethral	 wall	 by	 creating	
artificial	 cushioning	 in	 the	 urethral	 submucosa,	 improving	 urethral	 coaptation,	
increasing	 urethral	 resistance	 to	 urinary	 flow	 and	 hence	 preventing	 urinary	
leakage.	Injection	of	bulking	agents	to	treat	a	dysfunctional	urethra	is	a	minimally	


















It	 also	 suggested	 that	 transurethral	 route	 resulted	 in	 fewer	 complications	 than	
para-urethral	 administration,	 the	 success	 rate	was	 lower	 than	 colposuspension	
and	both	synthetic	and	autologous	fascial	slings	and	that	it	was	inferior	to	open	
surgery	at	12	months	but	with	a	better	safety	profile	and	a	lower	morbidity	rate.	
The	 review	 recommended	other	 surgical	 procedures	 as	 first	 line	 treatment	 for	
women	who	are	fit	for	surgery	and	injectable	therapy	reserved	for	those	who	have	
extensive	co-morbidity	and	are	not	fit	for	surgery.	Women	need	to	be	counselled	














sphincter	 had	 experienced	 complications	 including	 urinary	 retention,	 urethral	



















who	 routinely	 treat	 stress	 urinary	 incontinence	 frequently	 are	 required	 to	 the	
maintenance	 of	 devices	 and	 consider	 any	 surgical	 complications,	 as	 well	 as	
recurrent	incontinence	resulting	from	various	etiologies	[Brandes	et	al.,	2014].		
PREOPERATIVE	EVALUATION		
Patients	 initially	 presenting	 with	 stress	 urinary	 incontinence	 should	 undergo	 a	
thorough	history	and	physical	examination	with	further	testing	tailored	to	each	
clinical	scenario.	Important	aspects	of	the	preoperative	history	include	a	review	of	
the	underlying	etiology	 for	 the	 incontinence	 (e.g.,	prostatectomy,	 transurethral	
resection	 of	 the	 prostate	 [TURP]),	 degree	 of	 incontinence	 (number	 of	 pads,	
objective	pad	weights),	prior	therapies	performed,	history	of	urethral	or	bladder	
pathology	(stricture	disease,	urothelial	carcinoma),	radiation	therapy,	associated	
lower	 urinary	 symptoms,	 urinary	 tract	 infections,	 bladder	 calculi,	 as	 well	 as	 a	
review	of	 the	patient’s	capacity	 to	maintain	his	activities	of	daily	 living	without	
need	for	assistance	from	caregivers.	Patients	should	be	at	least	6–12	months	out	
from	the	inciting	cause	(e.g.,	TURP,	prostatectomy)	to	assure	stabilization	of	the	
incontinence.	 Additionally,	 pathology	 requiring	 repeated	 transurethral	
interventions	 such	 as	 recurrent	 urothelial	 carcinoma	 of	 the	 bladder	 should	 be	



















placement	 (figure	 1.32).	 The	 bulbar	 urethra	 is	 further	 dissected	 with	 a	 plane	
created	 between	 the	 corpus	 cavernosum	 and	 spongiosum	 sufficient	 to	 permit	








attention	paid	 to	 sterile	 technique	 throughout	 the	procedure.	Rubber-shodded	
clamps	are	utilized	when	necessary	for	occlusion	of	the	device	tubing	to	prevent	
inadvertent	 crush	 injury	 and	 damage	 to	 the	 device.	 If	 a	 right-sided	 pump	
placement	 is	 desired,	 a	 right	 angle	 instrument	 is	 passed	 deep	 to	 the	
bulbospongiosus	from	the	right	to	the	left	with	the	cuff	grasped.	The	cuff	is	then	
passed	posterior	to	the	bulbospongiosus	and	secured	by	passing	the	cuff	tubing	













erosion	 including	 prior	 sphincter	 placements	 and	 radiation	 therapy.	 An	
approximately	5	cm,	transverse	incision	is	made	several	centimeters	lateral	to	the	











in	 the	newly	 created	 space.	A	 clamp	 is	placed	around	 the	pump	 tubing	on	 the	
external	 surface	 of	 the	 scrotum	 with	 downward	 traction	 applied	 to	 prevent	








during	 dissection	 of	 the	 12	 o’clock	 position	 of	 the	 bulbar	 urethra	 and	 during	
perforation	of	the	inter-corporal	septum	to	avoid	the	urethra.		
In	 the	 case	 of	 a	 small,	 intraoperatively	 recognized	 urethral	 injury,	 this	may	 be	
closed	primarily	with	the	artificial	sphincter	placed	at	a	separate	 location.	With	
larger	 urethral	 injuries,	 artificial	 urinary	 sphincter	 placement	 should	 be	
abandoned	with	 the	urethrotomy	 closed	primarily	 and	 a	 catheter	 placed.	 Final	
placement	 of	 the	 artificial	 sphincter	 may	 be	 rescheduled	 following	 complete	
resolution	of	the	urethral	injury.		
Cautery	 injury	 occurring	 on	 the	 urethra	 may	 be	 managed	 with	 an	 indwelling	
catheter	alone	versus	primary	debridement	with	primary	anastomosis.	In	contrast	
to	 sharp	 urethral	 injury,	 cautery	 injuries	 typically	 result	 in	 a	 larger	 region	 of	






Post	 complications	 occurring	 with	 artificial	 urethral	 sphincter	 placement	 are	
typically	 categorized	 as	 occurring	 early	 (<90	 days)	 or	 late	 (>90	 days)	 in	 the	
postoperative	period.	The	most	commonly	encountered	complications	in	the	early	
postoperative	period	include	urinary	retention,	infection,	and	erosion,	while	late	
complications	 are	 predominantly	 urethral	 atrophy	 due	 to	 tissue	 remodeling,	
sphincter	erosion,	infection,	or	device	malfunction.		
Patients	with	new	onset	of	urethral	erosion	or	device	infection	typically	present	
with	acute	onset	of	voiding	 irritation	 including	 frequency,	urgency,	and	dysuria	
and	 may	 progress	 to	 experience	 localized	 or	 systemic	 signs	 of	 infection	 of	
scrotal/perineal	pain,	warmth,	erythema,	cellulitis,	fevers,	or	chills.		
In	contrast	to	erosions,	urethral	atrophy	typically	presents	as	a	progressive	return	
of	 incontinence	 over	 a	 period	 of	 several	 months	 to	 years	 despite	 appropriate	
device	function	and	utilization	[Brandes	et	al.,	2014].		
Early	 complications	 are	 likely	 to	 be	 treat	 with	 the	 device	 explantation	 with	 a	
catheter	 placement.	 In	 case	 of	 erosion,	 solutions	 should	 carefully	 use	 special	
catheter	 instrumentation	 in	 attempt	 to	 limit	 the	 chances	 for	 erosion	
augmentation.	
Late	complications	treatments	include	explantation	of	the	device	as	well	as	early	
managements.	 Other	 late	 solutions	may	 be	 tandem	 cuff	 placements,	 that	 is	 a	
further	 cuff	 installation	 proximal	 to	 the	 first;	 the	 cuff	 downsizing	 or	 reservoir	




















procedures.	 In	 fact,	 the	 specific	 bariatric	 procedure	 and	 the	 post-surgical	
conformation	 of	 the	 operated	 gastrointestinal	 organs	 are	 usually	 defined	 on	
clinical	 basis	 only,	 considering	 calories	 intake	 requirement	 and	 surgical	
parameters.	 Further	 physiological	 investigations	 can	 be	 performed	 to	 identify	
quantitative	relationships	between	mechanical	stimulation	of	the	gastrointestinal	
wall,	adsorption	capacity	and	feeling	of	satiety.		
The	 here	 reported	 activities	 aimed	 at	 developing	 computational	 tools	 for	 the	
mechanical	analysis	of	the	stomach	structure	and	of	the	bariatric	procedures,	with	





also	 reported	 the	 activity	 by	 Zhao	 et	 al,	 which	 gave	 an	 overall	 biomechanical	
description	of	the	stomach	wall	by	means	of	tensile	stretch	mechanical	tests	of	pig	
stomach	specimens	of	different	regions.	As	showed	in	appendix	A.1,	pig	stomachs	
















different	 regions.	 They	 hypothesized	 that	 the	mechanical	 properties	 of	 the	 pig	
stomach	 are	 layer-	 dependent	 and	 the	 properties	 of	 individual	 layers	 (such	 as	
mucosa–submucosa)	 can	explain	 the	wall	 stiffness.	 The	hypothesis	 is	 tested	by	
using	uni-axial	 tensile	 testing	on	the	 intact	 layer,	mucosa–submucosa	 layer	and	
muscle	layer	strips	from	the	fundus,	corpus	and	antrum	parts	of	the	pig	stomach.		
Five	 stomachs	 including	 part	 of	 the	 oesophagus	 and	 the	 duodenum	 from	 pigs	
weighing	about	100	kg	were	obtained	from	the	local	slaughterhouse.	The	stomach	
was	 removed	 and	 put	 in	 cold	 calcium-free	 Krebs	 solution	 with	 EGTA	 (3.0mM)	
aerated	with	a	gas	mixture	of	95%	O2	and	5%	CO2	at	pH	7.4.	The	stomachs	were	
transported	 to	 the	 laboratory	 within	 one	 hour.	 The	 composition	 of	 the	 Krebs	
solution	(g/L)	was	NaCl,	6.89;	KCl,	0.35;	NaHCO3,	2.1;	NaH2PO4,	0.16;	MgCl,	0.24	










(about	 40	 mm	 long	 and	 8	 mm	 wide)	 of	 the	 stomach	 wall	 were	 cut	 both	 in	










Figure	 2.1.	 Photo	 and	 sketch	 of	 pig	 stomach	opened	paramedian	 to	 the	 greater	
curvature.	 Two	 strips	 of	 the	 stomach	wall	 both	 in	 longitudinal	 (parallel	with	 the	
greater	 curvature)	 and	 circumferential	 (perpendicular	 to	 the	 greater	 curvature)	
directions	were	cut	from	the	fundus,	corpus	and	antrum.	One	strip	was	used	for	non-

















The	 hysteresis	 loop	 decreases	 with	 succeeding	 cycles	 until	 the	 third	 cycle.	 The	
preconditioning	behaviour	is	believed	to	be	due	to	strain	softening	in	the	tissue	in	response	
to	the	loading.		
The	 first	 two	 cycles	 were	 for	 preconditioning	 the	 strip	 mechanically.	 The	





Morphometric	 data	 as	 the	 length,	 thickness	 and	 width	 were	 obtained	 from	














2.1.2	 STRUCTURAL	 TESTS	 IN	 PRE-	 AND	 POST-SURGICAL	
CONFIGURATION	OF	THE	STOMACH	
The	 structural	 behavior	 of	 the	 stomach	 in	 pre-	 and	 post-bariatric	 surgery	 con-	
formations	was	analyzed	by	inflation	tests.	Stomachs	of	eight	piglets	(weight:	30	±	
2	kg)	were	provided	by	a	 local	 abattoir.	All	 the	animals	were	 clinically	healthy.	
Animals	sacrifice	occurred	in	early	morning	and	mechanical	testing	of	one	stomach	
lasted	about	five	hours.	Consequently,	only	one	sample	was	processed	in	one	day.	
Within	 15	 min	 from	 pig	 sacrifice,	 the	 stomach	 was	 harvested,	 packed	 in	
physiological	saline	(0.9%	NaCl)	at	4°C	and	brought	to	the	laboratory.	Each	sample	
was	composed	of	the	stomach	and	short	portions	of	esophagus	and	duodenum.	
The	 sample	 was	 gently	 washed	 with	 cold	 physiological	 saline	 to	 remove	 any	
residual	 chime,	 and	 maintained	 in	 saline	 at	 low	 temperature	 (4°C)	 up	 to	 the	
development	of	mechanical	tests.	All	the	experimental	activities	were	concluded	
within	at	most	seven	hours	from	the	animal	sacrifice,	at	room	temperature.	Details	
about	 the	 inflation	 protocol	 are	 reported	below.	 Preliminarily,	 the	 sample	was	
placed	on	a	laminated	graph	paper	and	spread	out	to	its	physiological	bean-shape	
conformation	 (figure	 2.3).	 Pictures	 of	 the	 stomach	were	 taken	 for	 subsequent	
measurements.		

















bean-shape	 (a).	 The	 stomach	 was	 connected	 to	 a	 peristaltic	 pump	 and	 a	 pressure	




of	 soft	 biological	 tissues,	 which	 range	 between	 0.01	 and	 100	 s.	 The	 step	 was	
repeated	 up	 to	 1000	 ml	 inflation.	 Subsequently,	 the	 stomach	 was	 completely	
deflated	 at	 50	 ml/s	 deflation	 rate	 (figure	 2.5a).	 The	 overall	 inflation	 test	 was	
repeated	 five	 times	 on	 each	 stomach.	 The	 different	 inflation	 tests	 were	
interspersed	 among	 each	 other	 by	 600	 s	 of	 rest	 to	 allow	 the	 development	 of	
viscous	recovery	phenomena	(Carniel	et	al.,	2015;	Natali	et	al.,	2017).	
After	 mechanical	 testing,	 the	 stomach	 sample	 was	 further	 dissected	 and	 wall	
thickness	was	measured	in	different	positions	by	a	digital	caliper.		









Figure	 2.4	 Inflation	 tests	 on	 piglet	 stomachs:	 during	 mechanical	 testing,	 the	
stomach	was	immersed	in	saline	to	prevent	gravity	effects.	
With	regard	to	both	the	stomachs,	a	significant	difference	was	observed	between	
the	 first	 and	 the	 second	 inflation	 test,	 while	 the	 stomach	 exhibited	 similar	
response	 during	 the	 last	 four	 inflation	 tests.	 The	 first	 inflation	 test	 was	
consequently	 assumed	 as	 a	 preconditioning	 action,	 while	 the	 subsequent	 four	
inflation	tests	actually	provided	data	about	the	structural	behavior	of	the	stomach.		













the	 mechanical	 behavior	 of	 the	 sample	 in	 the	 pre-surgical	 configuration.	
Subsequently,	surgical	intervention	was	developed,	and	two	further	inflation	tests	




Results	 were	 post-processed	 aiming	 at	 characterizing	 the	 stomach	 structural	
behavior	 in	 both	 pre-	 and	 post-	 surgical	 configurations.	 With	 regard	 to	 each	
inflation	test,	the	collection	of	pressure	and	volume	data	at	the	end	of	the	rest	
stages	 (red	 empty	 circles	 in	 figure	 2.5b)	 led	 to	 pressure–volume	 almost	
equilibrium	 curves	 (figure	 2.6a).	 The	 equilibrium	 pressure–volume	 response	
specifies	 the	 stomach	 behavior	when	 all	 the	 time-	 dependent	micro-structural	
rearrangement	phenomena	are	allowed	to	completely	develop	during	testing,	as	
at	 the	 end	 of	 pressure	 relaxation	 stages,	 or	 during	 continuous	 inflation	 test	
developed	at	a	sufficiently	low	inflation	rate.		
The	 analysis	 of	 pressure–time	 results	 during	 the	 constant	 volume	 stages	 (gray	
rectangles	in	figure	2.5b)	led	to	relaxation	curves	(figure	2.6b).	With	regard	to	each	





Although	 the	 stomachs	 have	 been	 harvested	 from	 similar	 piglets,	 the	 stomach	
















Figure	 2.5.	 Experimental	 procedure	 and	 results:	 inflated	 volume-time	 history	 assumed	
during	all	 the	 inflation	 tests	 (a)	 and	 example	 of	 pressure–time	data	 recorded	during	an	
inflation	test	(b)	with	pressure	values	at	the	end	of	the	volume	rest	stages,	as	the	almost	




and	 50%	 probability	 scatter	 bands)	 of	 equilibrium	 pressure–volume	 (a)	 and	 relaxation	
curves	(b).	Results	are	reported	for	experimental	activities	performed	on	stomachs	in	both	













where	𝐿,	is	 the	stretched	state	and	𝐿'	is	 the	 initial	state. The	stress	and	stretch	
ratio	 curve	 obtained	 from	previous	 equations	 can	 be	 curve	 fitted	 by	 using	 the	












The	 longitudinal	 and	 circumferential	 stress–strain	 curves	 differed	 between	 the	
strips	obtained	from	different	layers.	Figure	2.7	shows	the	circumferential	stress–
strain	curves	of	the	layers.	For	the	fundus,	corpus	and	antrum,	the	circumferential	














the	corpus	strips	were	 located	to	 the	 left,	 indicating	 that	 those	strips	were	 the	
stiffest.	 The	 curves	 obtained	 in	 intact	 and	 muscle	 strips	 from	 the	 fundus	 was	
located	 to	 the	 right,	 indicating	 they	 were	 softest.	 The	 curves	 of	 mucosa–
submucosa	layer	strips	did	not	differ	between	fundus	and	antrum.	
The	 stress–strain	 curves	 differed	 between	 the	 strips	 obtained	 in	 different	
directions	for	all	three	locations.	Figure	2.9	shows	circumferential	and	longitudinal	
stress–strain	curves	obtained	 in	 the	 intact	 layer	at	different	 locations.	A	similar	
pattern	was	 found	 for	 the	muscle	and	mucosa–submucosa	 layers.	Both	 for	 the	
intact	and	muscle	 layers,	 the	 stress–strain	 curve	 for	 the	 longitudinal	 strips	was	
located	to	the	left,	indicating	that	those	strips	were	the	stiffest	whereas	the	curve	
for	the	circumferential	strips	was	located	to	the	right,	indicating	it	was	softest.	For	







































at	 defining	 a	 region	 composed	 of	 stomach	 body,	 fundus,	 antrum	 and	 pylorus.	
Points	from	the	border	lines	were	identified	and	interpolated	by	splines	(Matlab,	
The	MathWorks	Inc.,	Natick,	MA,	US).	Stomach	width	and	length,	as	the	minimum	


























hybrid	 elements	 were	 adopted	 to	 mesh	 the	 stomach	 wall,	 leading	 to	 a	




Figure	 2.12.	 Constitutive	 identification	 of	 stomach	 wall	 tissue	 and	 gastric	 band	 rubber:	
comparison	 of	 experimental	 data	 from	 uni-axial	 tensile	 tests	 (discontinuous	 lines)	 and	
model	results	(continuous	lines)	(a).	Relaxation	behavior	of	stomach	wall	tissues:	median	
experimental	results	from	structural	tests	on	stomachs	in	pre-	(discontinuous	black	line)	and	
post-	 (discontinuous	 red	 line)	 surgical	conformation	and	model	 results	 (continuous	black	
line)	(b).		
2.3.1	CONSTITUTIVE	MODEL	OF	THE	STOMACH	TISSUES	
Aiming	 at	 a	 preliminary	 investigation	 of	 stomach	 mechanical	 functionality,	
isotropic	 and	 homogeneous	 mechanical	 properties	 were	 assumed.	 The	 visco-






𝑷 𝑪, 𝑡 = 𝑷' 𝑪 − 𝒒=(𝑪, 𝑡)= 	𝑷' 𝑪 = −𝑝𝑭3@ + 𝐶4'	𝑒CD(ED3F) 2𝑭 − 23 𝐼4𝑭3@ 	
where	P	is	the	first	Piola–Kirchhoff	stress	tensor,	F	is	the	deformation	gradient,	p	
is	 a	 Lagrange	multiplier	 that	 specifies	 the	 hydro-	 static	 pressure,	 I1	 is	 the	 first	
invariant	 of	 the	 right	 Cauchy-Green	 strain	 tensor	 C	 =	 FT	 F.	 P0	 defines	 the	
instantaneous	 mechanical	 behavior	 of	 the	 tissue,	 as	 the	 tissue	 mechanical	
response	 when	 deformations	 are	 sufficiently	 fast	 imposed.	 Constitutive	






𝒒= +	 1𝜏= 𝒒= = 𝛾=𝜏= 𝑷'	
relaxation	 time	𝜏= 	makes	 it	 possible	 to	 evaluate	 the	 time	which	 the	 ith	 viscous	
process	 requires	 to	 develop.	 Relative	 stiffness	 parameter	 𝛾= 	specifies	 the	
contribution	of	the	ith	viscous	process	to	the	stress	drop	the	material	undergoes	








Tissue	 parameters	 𝐶4M 	and	 𝛼4 	were	 identified	 by	 the	 inverse	 analysis	 of	
mechanical	tests	that	have	been	developed	on	pig	stomach	samples	by	Zhao	et	al.	





curve	 (figure	 2.12a).	 The	 experimental	 protocol	 and	 the	 adopted	 strain	 rate	
suggested	assuming	equilibrium	response	of	the	tissue.	Considering	the	specific	
configuration	 of	 mechanical	 tests,	 the	 following	 equilibrium	 formulation	 was	
derived	from	precious	equations	and	it	was	applied	to	fit	experimental	data	(figure	
2.4d):		
𝑃O = 𝐶4M𝑒CD(2PQRS2PTD3F) 𝜆O − 𝜆O3S 	
where	𝜆O 	and	Pu	are	 stretch	and	nominal	 stress,	 respectively,	along	 the	uniaxial	
loading	 direction.	 Viscous	 parameters	 𝜏= 	and	 𝛾= 	were	 identified	 by	 analyzing	
results	from	the	developed	inflation	tests	on	pig	stomachs	(figure	2.6b).	Results	
from	 structural	 tests	 can	 be	 adopted	 to	 identify	 tissue	 viscous	 parameters,	
because	 viscous	 phenomena	 usually	 exhibit	 similar	 trend	 at	 both	 tissue	 and	
structure	level	(Natali	et	al.,	2016).	Normalized	pressure-time	curves	were	fitted	
by	the	following	relaxation	function	(figure	2.12b):		𝑝UVWX 𝑡 = 1 − 𝛾O − 𝛾S + 𝛾4	𝑒3 YZD	+	𝛾S	𝑒3 YZQ 	
The	function	considered	two	viscous	branches.	The	number	of	viscous	branches	
was	defined	to	contemporarily	minimize	the	number	of	parameters	and	correctly	












elements	 (figure	 2.11b).	 The	 mechanical	 behavior	 was	 specified	 by	 an	 Ogden	
hyper-	 elastic	 formulation	 and	 parameters	 were	 identified	 by	 the	 analysis	 of	
technical	data	from	tensile	tests	performed	on	the	specific	silicon	rubber	(figure	
2.12a,	table	2.2).	The	numerical	model	of	the	gastric	band	was	located	around	the	
stomach	model.	 Computational	models	 contemplated	different	 band	positions,	
which	were	defined	based	on	the	developed	experimental	activities	(figure	2.13,	
conformation	#1)	and	on	standard	surgical	procedures	(figure	2.8,	conformations	






band	 pre-tension	 were	 developed.	 The	 relationships	 between	 fictitious	
temperature	 and	 band	 mean	 stretch	 (figure	 2.14a)	 and	 between	 bands	 mean	
stretch	and	mean	tension	(figure	2.14b)	were	identified	by	performing	numerical	
analyses.	In	detail,	computational	models	of	post-surgical	conformation	#4	were	































Numerical	 analyses	 were	 performed	 by	 the	 general	 purpose	 finite	 element	
software	Abaqus	Standard	6.14	(Dassault	Systèmes	Simulia	Corp.,	Providence,	RI).	
A	fluid	filled-cavity	was	defined	to	characterize	the	internal	region	of	the	stomach	
and	 to	 simulate	 the	 inflation	 process.	 Considering	 the	 boundary	 conditions	
imposed	during	experimental	inflation	tests,	the	upper	and	the	lower	extremity	of	
the	cavity,	at	the	gastroesophageal	and	the	gastroduodenal	junctions,	were	fixed.	
The	 volume	 of	 the	 cavity	 was	 progressively	 raised	 up	 to	 a	 1000	 ml	 volume	
increment.	 Aiming	 at	 validating	 the	 computational	 model,	 by	 comparing	
computational	 results	 with	 pressure–volume	 equilibrium	 curves	 from	
experimental	activity,	a	0.1	ml/s	inflation	rate	was	set.	Preliminary	computational	
analyses	 showed	 that	 the	 selected	 inflation	 rate	 led	 to	 almost	 equilibrium	
response.	Numerical	analyses	were	developed	considering	the	stomach	in	the	pre-
surgical	configuration	and	in	the	different	post-surgical	conformations.	Analyses	









in	 both	 pre-	 and	 post-	 bariatric	 surgery	 conformations,	 as	 pressure–time	 data	
(figure	 2.5b)	 depending	 on	 volume-time	 inflation	 history	 (figure	 2.5a).	 Post-
processing	of	experimental	results	made	it	possible	to	characterize	the	stomach	
structural	behavior.		






pressure–time	 results	 during	 the	 constant	 volume	 stages	 led	 to	 statistical	
distributions	 of	 relaxation	 curves	 (figure	 2.5b).	 Statistical	 distributions	 were	
provided	in	terms	of	median	curves	and	associated	50%	probability	scatter	bands.		
Starting	 from	 experimental	 data,	 a	 computational	 model	 of	 the	 stomach	 was	
developed	(figure	2.11a),	also	considering	different	post-	surgical	configurations	
(figure	from	2.13	to	2.16).	Stomach	morphometry	was	defined	considering	a	mean	
border	 line	 and	average	dimensions	of	 the	experimental	 samples	 (figure	2.10),	
which	were	measured	 before	 (stomach	width:	 73.4	 ±	 6.2	mm;	 stomach	 length	
168.6	 ±	 9.5	mm)	 and	 after	 (wall	 thickness:	 4.1	 ±	 1.8	mm)	mechanical	 testing.	
Constitutive	parameters	(table	2.2)	were	identified	by	the	inverse	analysis	of	data	




Figure	 2.17.	 Comparison	 of	 pressure–volume	 behavior	 in	 pre-	 and	 post-surgical	
configurations:	experimental	(discontinuous	lines)	and	model	(continuous	lines)	results	(a).	
Influence	 of	 inflation	 rate	 on	 pressure–volume	 behavior:	 results	 from	 computational	
analyses	for	the	stomach	pre-surgical	conformation	#0	(b).	 
Such	 analyses	 were	 performed	 considering	 both	 the	 stomach	 pre-surgical	
conformation	#0	and	the	experimentally	investigated	post-surgical	conformation	
#1.		
Aiming	 at	 evaluating	 the	 influence	 of	 filling	 rate	 on	 stomach	 functionality,	 the	





perform	 computational	 analyses	 at	 different	 inflation	 rates,	 (i.e.:	 equilibrium	
inflating,	1	ml/s,	5	ml/s,	50	ml/s	and	5000	ml/s).	Computational	results	were	post-
processed	 leading	 to	 pressure–volume	 curves	 (figure	 2.17b)	 and	 con-	 tours	 of	
tensile	 stress,	 as	 the	maximum	principal	 component	 of	 the	 Cauchy	 true	 stress	
tensor	 (figure	 2.18).	 Computational	 methods	 allowed	 investigating	 the	
relationship	 between	 stomach	 post-surgical	 conformation	 and	 stomach	
mechanical	 functionality.	 Model	 of	 different	 post-surgical	 conformations	 were	
developed	 assuming	 different	 gastric	 band	 positions	 and	 different	 band	 pre-
tension	values.	
Numerical	results	are	summarized	from	figure	2.19	to	2.21.	The	influence	of	band	
position	 and	 pre-tension	 on	 stomach	 pressure–volume	 behavior	 is	 depicted	 in	















































way.	 It	 was	 clearly	 shown	 that	 the	 longitudinal	 and	 circumferential	 uni-axial	
passive	 biomechanical	 properties	 both	 in	 intact	 wall	 and	 layered	 wall	 differ	
between	 fundus,	 corpus	 and	 antrum.	 Furthermore,	 the	 mechanical	 properties	
differ	 between	 the	 stomach	 layers.	 Therefore,	 the	 anisotropic	 mechanical	
behavior	of	the	stomach	is	not	surprising	due	to	the	complex	geometry	and	the	
composite	 structure.	 They	 demonstrated	 that	 association	 exists	 between	 the	
stiffness	 of	 the	 intact	 wall	 and	 the	 thickness	 and	 stiffness	 of	 the	 mucosa–
submucosa.	Furthermore,	the	mucosa–submucosa	layer	is	stiffer	than	intact	wall	
and	 muscle	 layer.	 Therefore,	 the	 properties	 of	 a	 mucosa–submucosa	 layer	
determine	the	stiffness	of	the	intact	wall.		
The	current	study	showed	that	the	material	properties	of	the	fundus	as	well	as	the	
corpus	 and	 antrum	were	 highly	 anisotropic.	 The	material	 properties	 of	 the	 pig	
stomach	 are	 not	 only	 location-	 and	 direction-	 dependent,	 but	 also	 layer-
dependent.	Therefore,	investigations	of	gastric	tone	must	take	into	account	the	






thus	 suitable	 for	 accommodation.	 Similarly,	 the	 thicker	 and	 stiffer	 wall	 of	 the	




the	 submucosa	and	 in	 the	muscle	 layers.	 This	 suggests	 that	 the	populations	of	
receptors	from	different	locations	in	the	wall	may	have	different	zero-stress	and	-
strain	 settings	 and	 respond	 differently	 to	 the	 stimuli.	 Both	 distension	 and	












surgery	 conformations,	 pointing	 out	 the	 influence	 of	 the	 specific	 bariatric	
intervention	on	structural	stiffness,	as	 the	pressure–volume	trend	(figure	2.6a).	
Differently,	the	influence	on	time-dependent	response,	as	the	relaxation	behavior	












Computational	 results	 highlighted	 the	 great	 influence	 of	 bariatric	 surgery	
parameters	 on	 stomach	 mechanics	 (figure	 2.19-2.21).	 In	 detail,	 the	 surgical	
procedure	 strongly	 affects	 the	 stomach	 structural	 stiffness	 and	 the	 stress	 field	
conformation	 and	 intensity.	 Attention	 was	 here	 focused	 on	 gastric	 banding,	
because	 of	 its	 wide	 application	 and	 effectiveness.	 Nevertheless,	 the	 same	






The	 results	 show	 the	 potentiality	 of	 experimental	 and	 computational	
biomechanics	for	the	investigation	of	stomach	functionality	and	the	planning	of	
bariatric	 surgery	 procedures	 and	 techniques.	 Experimental	 activities	 allow	
evaluating	 stomach	 pressure–volume	 behavior	 depending	 on	 surgical	methods	




Furthermore,	 computational	 models	 provide	 information	 that	 experimental	
methods	cannot	supply.	In	detail,	the	computational	approach	makes	it	possible	
to	identify	the	stress	and	the	strain	fields	in	stomach	tissues,	whose	distribution	is	
strongly	 affected	 by	 the	 bariatric	 procedure.	 As	 an	 example,	 position	 and	 pre-
tension	 value	of	 the	 gastric	 band	have	a	 relevant	 impact	on	both	 the	 stomach	
capacity	and	 the	areas	of	gastric	wall	 that	are	mainly	 stressed	 (figure	2.16).	As	
mentioned	also	in	the	first	section	of	chapter	1,	mechanical	stimuli,	as	stress	and	
strain,	 act	 on	 receptors	 that	 contribute	 to	 regulate	 the	 feeling	 of	 satiety.	
Considering	 the	mechano-transduction	 capabilities	 and	 the	 locations	 of	 gastric	
receptors,	it	follows	the	relevance	of	methods	that	allow	to	evaluate	the	intensity	
and	 the	 conformation	 of	 stress	 and	 strain	 fields.	 The	 relevance	 of	 this	 topic	 is	
enforced	 by	 the	 recent	 trends	 in	 bariatric	 surgery,	 which	 aim	 not	 to	 restrict	
stomach	capacity,	but	 to	 induce	 satiety	with	 small	meals.	More	 in	details,	new	
insights	have	been	developed	about	the	mechanisms	that	can	explain	the	loss	of	
body	weight	because	of	bariatric	surgery.	For	example,	there	is	nowadays	a	large	
body	 of	 evidence	 indicating	 that	 mechanistic	 mechanisms,	 such	 as	 stomach	
restriction	 and/or	 malabsorption,	 do	 not	 entirely	 and	 exclusively	 explain	 the	
results	 in	 obese	 patients	 after	 bariatric	 surgery.	 Post-surgical	 weight	 loss	
correlates	 to	 a	 large	 extent	 with	 reduced	 spontaneous	 eating.	 Available	 data	
indicate	that	operated	individuals	develop	a	new	set	point	of	their	body	weight,	






Further	 efforts	 are	mandatory	 for	 a	more	 exhaustive	 and	 accurate	 analysis	 of	
stomach	mechanical	functionality	before	and	after	bariatric	surgery.	For	example,	
the	here	reported	experimental	activities	have	been	developed	considering	only	a	























surgical	 basis,	 but	 it	 should	 be	 supported	 by	 investigation	 of	 its	 mechanical	
interaction	with	the	surrounding	tissues.	In	this	way,	it	is	possible	to	identify	the	
sphincter	pressure	conditions	that	ensure	continence,	as	well	as	the	conformation	
of	 the	 device	 to	 minimize	 the	 invasiveness	 of	 the	 prosthesis.	 Consequent	
mechanical	 effects	 on	 the	urethral	 tissues	may	 induce	 some	modifications	 and	
possible	 degenerative	 phenomena	 such	 as	 infection,	 urethral	 atrophy,	 erosion,	
and	mechanical	failure.	Moreover,	the	prosthetic	device	can	have	a	limited	life.		
Experimental	investigation	on	humans	is	complex	and	must	take	into	account	an	
extended	 group	 of	 subjects	 of	 similar	 age,	 body	 conformation	 and	 health	

























behavior.	 Moreover,	 a	 numerical	 model	 of	 the	 male	 urethra	 is	 developed	 to	
evaluate	 the	 biomechanical	 response	 of	 urethral	 tissues	 and	 structure	 to	 an	




developed	 to	 characterize	 the	 non-linear	 mechanical	 behavior.	 Constitutive	
parameters	were	preliminary	identified	by	the	inverse	analysis	of	tensile	tests	on	
urethra	tissue	and	then	refined	by	numerical	analysis	of	inflation	tests	on	urethral	
duct.	 The	present	work	 refers	also	 to	an	upgrade	of	 that	 first	 two-dimensional	
model	 to	 a	 three-dimensional	 urethral	 duct	model,	 evaluating	 the	 subsequent	
phases	of	micturition	 that	determines	 the	 lumen	opening	and	 the	occlusion	by	
artificial	urinary	sphincters.	The	consideration	of	animal	samples	determines	an	










animals	were	 intact	and	clinically	healthy.	Within	15	min	 from	slaughter	of	 the	
horse,	 the	 penis	 was	 harvested	 (figure	 3.1a),	 packed	 in	 physiological	 saline	
solution	 at	 4°C	 and	 transported	 to	 the	 laboratory.	 The	 penises	 were	 carefully	
cleaned	 with	 cold	 physiological	 saline	 solution	 to	 eliminate	 skin	 debris.	 Next,	
glands	 and	 the	 skin	 were	 surgically	 removed.	 A	 soft	 urinary	 catheter	 was	
temporarilyy	inserted	in	the	lumen	of	the	urethra	to	serve	as	a	palpable	guide	for	
facilitating	 the	 correct	 identification	 of	 the	 shape.	 A	 surgical	 incision	 was	
performed	on	the	lateral	aspect	of	the	penis,	between	the	tunica	albuginea	and	
the	 bulbospongiosus	 muscle	 (figure	 3.1b).	 By	 blunt	 dissection,	 the	 corpus	
cavernosum	was	 separated	 from	 the	 bulbospongiosus	muscle	 surrounding	 the	
urethra,	 starting	 from	the	proximal	part	of	 the	penis.	The	dissection	continued	
from	the	proximal	end	of	the	penis	to	the	distal	end,	isolating	the	penile	urethra	
(figure	3.1c).	During	dissection,	the	sample	was	continuously	dampened	with	cold	















mechanical	 tests	of	urethral	 tissues	and	structures.	The	most	proximal	and	 the	
most	distal	regions	of	each	urethra	were	assigned	to	tensile	and	stress-relaxation	
tests.	 The	 residual	 parts	 of	 the	 urethrae	were	 almost	 equally	 divided	 into	 two	
segments	 to	 provide	 proximal	 and	 distal	 specimens	 for	 inflation	 tests.	 All	 the	
mechanical	tests	were	concluded	within	6	h	from	the	slaughter	of	the	animal,	at	
room	 temperature.	 Previous	 experiences	 confirm	 that	 similar	 temperature	
conditions	do	not	alter	the	mechanical	response	of	soft	tissues.	
3.1.1	MECHANICAL	TESTS	OF	URETHRAL	TISSUES		
Mechanical	 tests	 of	 urethral	 tissues	 were	 performed	 on	 specimens	 from	 both	
distal	 and	 proximal	 regions	 after	 an	 histological	 analyses	 (Appendix	 A.2).	 Each	




each	 cutting	 direction	 were	 prepared.	 Digital	 image	 processing	 was	 used	 to	
measure	sample	thickness	and	width	at	different	positions.	Cross-sectional	area	
of	each	specimen	was	calculated	assuming	mean	values	of	thickness	and	width.	
The	 samples	were	 continuously	dampened	with	physiological	 saline	 solution	at	
room	temperature	during	the	preparation	and	testing.		
A	 Bose	 ElectroForce	 machine	 (Bose	 Corp.,	 ElectroForce	 Systems	 Group,	 Eden	
Prairie,	MN,	USA)	was	used	to	perform	tensile	tests.	Each	specimen	was	stretched	
up	to	60%	strain,	and	the	strain	was	then	kept	constant	for	300	s	to	investigate	








the	 tubular	 segment	 is	 cut	 longitudinally	 (A)	 and	 straightened	 (B).	 C,	 tissue	
specimens	are	dissected	according	to	a	rectangular	shape;	two	to	four	specimens	
are	prepared	along	longitudinal	and	circumferential	directions.	D	and	E,	patches	of	
balsa	wood	are	glued	to	 the	sample	ends	 to	enable	 the	specimen	to	be	gripped;	
frontal	(D)	and	lateral	views	(E).  
Preliminary	tests	were	also	performed	to	evaluate	the	influence	of	strain	rate	on	
viscous	 effects.	 The	 results	 showed	 that	 a	 60%	𝑠34 strain	 rate	 minimizes	 the	




The	 pressure	 of	 the	 grips	 was	 adjusted	 to	 avoid	 slippage	 and	 damage	 of	 the	
specimens.	The	strain	was	computed	as	the	ratio	between	the	elongation	and	the	





















to	 a	 Teflon	 cannula	 with	 internal	 and	 external	 diameters	 of	 4	 and	 6	 mm,	
respectively.	 The	 other	 extremity	was	 sealed	 to	 prevent	 any	 liquid	 leak	 (figure	















was	always	<0.1	s.	During	the	test,	physiological	saline solution was poured onto 







To	 compare	 samples	 with	 morphological	 differences,	 the	 volume	 data	 were	
homogenized	by	considering	the	ratio	between	sample	volume	during	testing	and	
sample	volume	at	rest	v	=	DV/V0,	where	v	is	the	volumetric	ratio,	DV	the	inflated	
volume	 and	 V0	 the	 initial	 volume	 of	 the	 sample.	 The	 initial	 volume,	 V0,	 was	
obtained	 from	 the	 shape	 of	 the	 sample	 during	 experimental	 testing.	 Median	
curves	 of	 pressure-volumetric	 ratio	 and	 normalized	 pressure-time,	 with	 the	
associated	 50%	 probability	 scatter	 bands,	 were	 computed	 for	 inflation	 and	









Exponential	 functions	 were	 adopted	 to	 interpret	 stress–strain	 and	 stress–time	
behavior	and	to	obtain	preliminary	information	about	elastic	and	viscous	behavior	




The	second	equation	 interprets	 the	exponential	decay	of	 the	normalized	stress	
σnorm	with	time	t	because	of	stress-relaxation	phenomena.	The	second	equation	
accounts	for	two	viscous	branches.	The	number	of	viscous	branches	was	defined	
contemporaneously	 to	 minimize	 the	 number	 of	 parameters	 and	 correctly	
interpret	 the	 trend	 of	 experimental	 data.	 According	 to	 the	 standard	 theory	 of	
viscoelasticity,	 the	 parameter	 γ∞	=	 1	 −	 γ1	−	 γ2	 identifies	 the	 ratio	 between	 the	
equilibrium	 stress	 (when	 relaxation	 phenomena	 are	 completed)	 and	 the	 peak	
stress	(at	the	beginning	of	the	relaxation	phase).	The	parameters	τ1	and	τ2	are	the	
time	 constants	 of	 relaxation.	 Data	 from	 tensile	 and	 stress-relaxation	 tests	
developed	on	each	specimen	were	fitted	by	both	the	mentioned	equations.	The	
minimization	of	 the	discrepancy	between	experimental	data	and	model	 results	
represents	 a	 non-linear	 least-squares	 problem,	 solved	 by	 using	 the	 ‘lsqnonlin’	
function	in	Matlab	and	adopting	the	trust	region	reflective	algorithm	to	minimize	
the	residual	sum	of	squares	(RSS).	The	RSS	is	defined	as	follows:		





where	n	 is	 the	 total	number	of	experimental	data,	 fexp,i	 is	 the	 ith	experimental	
datum	and	fnum,i	the	corresponding	ith	model	result.	Statistical	data	of	the	elastic	
parameters	k	and	α	and	of	the	viscous	parameters	γ1,	γ2,	τ1	and	τ2	were	computed,	





(proximal	 longitudinal,	 proximal	 circumferential,	 distal	 longitudinal	 and	 distal	







volumetric	 ratio	 and	 normalized	 pressure	 versus	 time	 to	 identify	 preliminary	
information	 about	 the	 structural	 elastic	 and	 viscous	 response	 of	 the	 tubular	
structure	(Carniel	et	al.	2014),	as	follows:		
𝑃 𝑣 = 𝐾𝐴 𝑒$i − 1 	𝑃UVWX 𝑡 = 1 − ΓO − ΓS + Γ4	𝑒3 Y@D	+	ΓS	𝑒3 Y@Q 	











the	 peak	 pressure	 at	 the	 beginning,	while	 T1	and	 T2	are	 parameters	 related	 to	
structural	 relaxation	 times.	Data	 from	 tests	developed	on	each	 specimen	were	
fitted	 both	 the	 equations	 above	 mentioned.	 The	 fitting	 of	 the	 models	 to	












the	50%	probability	 scatter	 bands.	 Processing	of	 the	 experimental	 curves	 from	
mechanical	 tests	 performed	 on	 the	 different	 samples	 led	 to	 a	 preliminary	
evaluation	of	elastic	and	viscous	parameters,	whose	statistical	distributions	are	
reported	in	table	3.1.	The	analysis	of	median	curves	made	it	possible	to	identify	











specimens	 from	 proximal	 (A	 and	 B)	 and	 distal	 regions	 (C	 and	 D)	 of	 the	 urethra	 and	
accounting	for	constant	strain	rate	 (A	and	C)	and	stress-relaxation	conditions	 (B	and	D).	
Median	curves	are	reported	together	with	50%	probability	scatter	bands.	Data	pertain	to	
tests	 performed	 along	 both	 longitudinal	 (continuous	 lines	 and	 pink	 bands)	 and	























Figure	 3.5.	 Results	 from	mechanical	 tests	 performed	 at	 the	 structure	 level.	 Tests	 were	
performed	 on	 tubular	 specimens	 accounting	 for	 inflation	 (A)	 and	 stress-reduction	
conditions	 (B).	Median	curves	are	 reported	 together	with	50%	probability	scatter	bands.	























geometrical	 model	 of	 urethra	 section	 is	 obtained	 from	 the	 histological	 image,	
enlarged	 in	 scale	 to	 correct	 shrinkage	 phenomena	 that	 occurred	 during	 tissue	
processing	 (Dobrin,	 1996).	 Specific	 image	analysis	 routines	 are	 implemented	 in	










finite	 element	 pre-processing	 software	 Abaqus/CAE	 6.14	 (Dassault	 Systèmes	
Simulia	Corp.,	Providence,	RI).	Six	node	triangular	quadratic	elements	(CPS6	plane	
strain	 elements)	 and	 three	 node	 triangular	 linear	 elements	 (CPS3	 plane	 strain	
elements)	are	adopted	to	mesh	the	dense	connective	tissue	layer	and	the	loose	
tissue	stratum	(figures	3.6b	and	3.6c).	Tie	contact	condition	ensures	the	proper	
mechanical	 interaction	 at	 the	 interface	 between	 the	 two	 differently	 meshed	
regions	 for	 compatibility	 requirements.	 The	 mechanical	 contribution	 of	 the	






facing	 portions	 of	 lumen	 begin	 to	 interact	 once	 the	 clearance	 between	 them,	
measured	 in	the	contact	normal	direction,	reduces	to	almost	the	double	of	the	
epithelium	 thickness.	 The	 contact	 pressure	 between	 lumen	 surfaces	 then	
increases	exponentially	as	the	clearance	continues	to	diminish.	When	clearance	
approaches	 zero,	pressure	 is	getting	 to	10	kPa,	 in	agreement	with	 results	 from	
experimental	activities	on	epithelial	tissues	(Raub	et	al.,	2010;	Chen	et	al.,	2015).	
Contact	 frictional	 properties	 ensure	 the	 transmission	 of	 shear	 loads	 between	
lumen	surfaces,	usually	fully	hydrated,	with	a	0.02	friction	coefficient	(Prinz	et	al.,	
2007).	 	Model	 and	mesh	configurations	are	defined	 through	 the	procedures	of	
computational	 mechanics.	 Models	 are	 developed	 assuming	 incremental	 mesh	











































approximation	 in	 data	 acquisition,	 allows	 for	 the	 assumption	 of	 a	 constant	
conformation	of	different	regions	and	corresponding	lumen	shape.		
The	 geometrical	 model	 (figure	 3.7a)	 is	 imported	 into	 the	 finite	 element	 pre-
processing	 software	 Abaqus/CAE	 6.14	 (Dassault	 Systèmes	 Simulia	 Corp.,	
Providence,	RI)	as	basis	to	provide	a	three	dimensional	model	of	the	urethral	duct	
(figure	3.7b).	Boundary	displacement	conditions	along	transversal	directions	are	




a	 20	 mm	 portion	 of	 the	 urethral	 duct.	 Null	 displacement	 condition	 along	
longitudinal	direction	is	expected	on	the	transversal	section	at	the	midpoint	of	the	




characteristics,	 is	 taken	 into	account	when	 compressive	 loads	 are	present.	 The	
local	 interaction	 response	 on	 the	 facing	 portions	 of	 lumen	 surfaces	 must	 be	
associated	with	a	self-contact	condition	strategy.	The	tissues	mechanical	behavior	
entails	the	assumption	of	an	exponential	pressure-overclosure	relationship.	The	






it	 is	 assumed	 as	 0.02.	 Incremental	 mesh	 refinement	 technique	 is	 adopted.	
Obviously,	result	sensitivity	is	associated	with	the	size	of	elements.	Results	show	
to	be	mostly	affected	by	the	transversal	size	within	the	dense	connective	tissue	
layer,	 whose	 reduction	 below	 0.03mm	 does	 not	 provide	 significant	 variations.	
With	 regard	 to	 the	 final	 configuration	 of	 the	 model,	 transversal	 element	 size	
within	 the	 dense	 connective	 tissue	 layer	 is	 close	 to	 0.03	 mm,	 while	 it	 ranges	
between	 0.03	 and	 0.5	 mm	 in	 the	 loose	 tissue	 stratum.	 Element	 size	 along	
longitudinal	direction	is	set	to	0.3mm.	The	model	is	comprehensively	composed	
by	nine	hundreds	thousands	of	nodes	and	nine	hundreds	thousands	of	elements.	 
Aiming	 at	 evaluating	 the	 functionality	 of	 different	 cuff	 conformations,	 both	
constant	 and	 parabolic	 pressure	 distributions	 are	 considered.	 The	 occluding	





duct	 showing	 the	 assumed	 boundary	 (b)	 and	 loading	 (c)	 conditions.	 Finite	 element	
discretization:	 transversal	 section	 (d);	 three	 dimensional	 representation	 of	 urethral	 duct	











deformation	 phenomena	 develop	 and	 complex	 contact	 interactions	 occur	
between	different	portions	of	the	lumen	surface.	Despite	lumen	occlusion	can	be	
approximated	as	a	quasi-static	process,	an	efficient	numerical	 interpretation	of	
the	 problem	 can	 be	 achieved	 by	 adopting	 explicit	 solution	 algorithms	 (Abaqus	
Explicit	 6.14-1,	 Dassault	 Systèmes	 Simulia	 Corp.,	 Providence,	 RI).	 The	 explicit	









of	 the	 time	 increment,	 because	of	 their	 small	 size	 and	 relatively	high	 stiffness.	
Aiming	 at	 reducing	 the	 computational	 effort,	 mass	 scaling	 technique	 can	 be	
adopted.	 Considering	 the	 small	 thickness	 of	 the	 dense	 connective	 tissue	 layer,	
mass	scaling	of	such	 layer	does	not	significantly	modify	the	mass	of	the	system	
and,	 consequently,	 does	 not	 introduce	 relevant	 fictitious	 inertial	 contributions.	
Semi-	 automatic	 mass	 scaling	 procedure	 was	 adopted,	 setting	 the	 stable	
increment	 time	 at	 10-6	 s.	 The	 numerical	 analysis	 must	 afford	 a	 relevant	












parameters	assumed:		𝑾 𝑪 = −𝑝 𝐽 − 1 + 𝑪	[𝑒CD(ED3F) − 1]	




of	the	right	Cauchy-Green	strain	tensor	𝑪 = 𝑭𝑻𝑭.	J	 is	the	deformation	Jacobian,	
as	𝐽 = 𝑑𝑒𝑡	𝑪.	The	constitutive	parameters	𝐶4	is	related	to	tissue	shear	stiffness	
in	 the	 unstrained	 configuration,	 while	 the	 non-linearity	 parameter	𝛼4 specifies	
tissue	stiffening	with	stretch.	Constitutive	parameters	are	identified	by	the	inverse	
analysis	 of	 tensile	 tests	 performed	 on	 horse	 urethra.	 According	 to	 the	 specific	
boundary	 conditions,	 in	 case	 of	 uni-axial	 tensile	 loading,	 the	 following	
relationships	 between	 stress	 and	 stretch	 components	 is	 computed	 from	 the	
general	model:	 𝑃qq = 2𝐶4𝑒CD(2rQRS2rTD3F) 𝜆q − 𝜆q3S 	
where	 𝜆q 	and	 𝑃qq 	are	 stretch	 and	 nominal	 stress,	 respectively,	 along	
circumferential	direction.	Different	sets	of	parameters	are	identified	analyzing	the	
statistical	 distribution	 of	 experimental	 results,	 as	 median,	 25th	 and	 75th	
percentiles.	 With	 regard	 to	 processing	 of	 experimental	 results,	 stretch	 is	










Such	 parameters	 describe	 the	mechanical	 behavior	 of	 a	 homogenized	 urethral	
structure.	 Nevertheless,	 tissue	 layers	 with	 different	 mechanical	 properties	
compose	 the	 urethral	 wall.	 The	 multi-layered	 configuration	 leads	 to	 a	 non-
homogeneous	stress	and	strain	distribution.		
A	tensile	test	on	a	circumferential	urethra	sample	is	replicated	by	computational	
modeling	 in	 figure	 3.8,	 with	 reference	 to	 a	 specific	 section	 figure	 3.6a.	 Finite	
element	 analysis	 investigates	 all	 the	 different	 steps	 of	 the	 experimental	
procedure,	 including	 urethra	 ring	 opening	 for	 the	 preparation	 of	 the	 sample	
(figure.	 3.8b),	 straightening	 as	 during	 sample	 gripping	 (figure	 3.8c)	 and	 tissues	
stretching	through	tensile	testing	(figure	3.8d).		
The	 mechanical	 behavior	 of	 the	 tissues	 is	 defined	 by	 the	 specific	 hyperelastic	
formulation	mentioned,	which	is	implemented	in	the	finite	element	software	by	a	
user	subroutine.	
Different	 sets	 of	 parameters	 must	 be	 identified	 for	 the	 different	 tissues.	
Experimental	 test	 faces	 the	 problem	 of	 providing	 specimens	 where	 different	
tissues	 are	 combined	 and	 their	 separation	 should	 induce	 relevant	 damage.	 To	
overcome	this	problem,	the	interpretation	of	stiffness	characteristics	is	performed	
by	 the	 support	 of	 numerical	 model	 simulation.	 In	 the	 present	 case,	 this	
consideration	 can	 be	 referred	 to	 the	 coupling	 of	 dense	 and	 loose	 tissue	 with	
regard	 to	 the	evaluation	of	 the	parameters	𝐶4 		and	𝛼4.	A	numerical	 analysis	of	
tensile	 tests	 is	developed	considering	different	values	of	a	multiplier	k,	 ranging	
between	1	and	1000	(figure	3.9),	that	represent	the	ratio	of	𝐶4		values	attributed	
to	 the	 different	 components.	 The	 large	 range	 of	 k	 values	makes	 it	 possible	 to	
evaluate	 a	 complete	 set	 of	 conformations	 of	 urethra	 tissues:	 k	 =	 1	 specifies	 a	







inflation	 tests	 that	 were	 performed	 on	 urethra	 tubular	 specimens	 (11	 distal	
samples	from	different	male	horses).	
A	homogeneous	hydrostatic	pressure	field	is	applied	to	the	intraluminal	border	of	







k	 (figure	 3.10).	 	 Numerical	 results	 from	 both	 tensile	 and	 inflation	 tests	 are	
compared	with	median	experimental	data.	The	multiplier	value	k	=	208	entails	the	
minimal	 overall	 discrepancy	 between	 computational	 and	 experimental	median	
results.	Parameters	𝐶4=	34.89	kPa,	𝛼4=	1.26,	and		𝐶4=	0.17	kPa,	𝛼4=	1.26	are	finally	





modeling	 in	 figure	 3.8,	with	 reference	 to	 a	 specific	 section	 (figure	 3.8a).	 Finite	
element	 analysis	 investigates	 all	 the	 different	 steps	 of	 the	 experimental	
procedure,	 including	 urethra	 ring	 opening	 for	 the	 preparation	 of	 the	 sample	
(figure	 3.8b),	 straightening	 as	 during	 sample	 gripping	 (figure	 3.8c)	 and	 tissues	
stretching	 through	 tensile	 testing	 (figure	 3.8d).	 The	 agreement	 between	 the	
experimental	and	computational	investigations	at	both	tissue	and	structure	levels	
is	reported	in	figure	3.9.	The	numerical	analysis	of	inflation	tests	allows	evaluating	











as	 the	 trend	 of	 occluding	 pressure	 with	 lumen	 volume	 variation.	 Each	 curve	





Figure	3.8.	Tensile	 tests	on	urethra	samples.	Mimicking	 the	experimental	procedure,	 the	









































induced.	 Information	 about	 tissues	 behavior	 during	 occlusion	 are	 reported	 in	
figure	 3.13.	 The	 compressive	 strain	 field	 is	 reported	 for	 both	 loose	 tissue	 and	
dense	 connective	 tissue	 layer	 for	 different	 values	 of	 the	 occluding	 pressure	
conditions,	while	intraluminal	pressure	is	1	KPa.	
3.5.2	3D	NUMERICAL	ANALYSES	RESULTS		
The	 configuration	 of	 the	 model,	 as	 reported	 in	 figure	 3.7,	 allows	 for	 an	
interpretation	of	the	overall	conformation	of	the	urethral	duct,	also	with	a	detail	
of	the	lumen.	Results	are	reported	with	regard	to	the	different	artificial	urinary	
sphincters	 loading	schemes,	as	constant	and	parabolic,	 in	 figures	3.14	and	3.15	
respectively.	This	analysis	is	correlated	with	different	conformations	of	the	most	
used	 AUS	 devices	 and	 represents	 a	 very	 important	 aspect	 with	 regard	 to	 the	












loading	 schemes	 in	 figure	 3.16	 and	 figure	 3.17.	 In	 figure	 3.18	 a	 comparison	 of	
compressive	 strain	 distributions	 is	 reported	 in	 dependence	 on	 longitudinal	
position	with	reference	to	constant	and	parabolic	pressure	schemes.	
The	 compressive	 stress	 field	 (as	 the	minimum	eigenvalue	 of	 the	 Cauchy	 stress	
tensor)	 induced	 by	 the	 cuff	 action	 is	 reported	 in	 figure	 3.19,	 again	 with	
differentiation	 by	 loading	 schemes.	 The	 comparison	 of	 compressive	 stress	























Figure	 3.15.	 Numerical	 analysis	 of	 urethra	 occlusion	 by	 parabolic	 pressure	 cuff:	 radial	
displacement	field.	Contours	are	reported	on	the	undeformed	(a)	and	deformed	(b)	three-

















































































Figure	 3.20.	 Compressive	 stress	 distribution	 along	 the	 urethral	 duct.	 Results	 are	















the	 aim	 of	 defining	 an	 experimental	 protocol	 to	 investigate	 its	 mechanical	




Tensile	 tests	 on	 specimens	 from	 the	 proximal	 region	 showed	 greater	 stiffness	




circumferential	 specimens	 from	the	distal	 region	 (figure	3.4c).	 Furthermore,	no	
significant	 differences	 were	 found	 between	 all	 distal	 specimens	 and	
circumferential	specimens	from	the	proximal	region.		
Regarding	 the	 stress-relaxation	 tests,	 the	 viscoelastic	 behaviour	 showed	 little	




stiffness	 (figure	 3.5a)	 and	 a	 higher	 percentage	 of	 pressure	 relaxation	 for	 the	
proximal	urethra	when	compared	with	the	distal	urethra	(figure	3.5b).	 
The	results	of	 the	mechanical	 tests	can	be	related	to	 the	microstructure	of	 the	
urethral	 tissue	evidenced	by	histological	 analysis.	With	particular	 regard	 to	 the	
proximal	region	of	the	urethra,	the	histology	showed	a	preferential	orientation	of	
muscle	fibres	along	the	longitudinal	direction	that	may	be	regarded	as	the	reason	
for	 tissue	 anisotropy.	 Moreover,	 the	 amount	 of	 muscle	 fibres	 was	 found	 to	
decrease	 from	 the	 proximal	 to	 the	 distal	 urethra.	Owing	 to	 this	 conformation,	






by	quantitative	measurements	on	 the	mechanical	properties	of	 collagen	 fibres,	
based	on	additional	histological	and	mechanical	characterization.		
Structural	 rearrangement	 processes	 produce	 stress-reduction	 phenomena	
influencing	 the	 amplitude	 and	 duration	 of	 viscoelastic	 phenomena,	 which	 are	
quantitatively	 defined	 by	 the	 parameters	𝛾= ,	Γ= ,	 𝜏= 	and	𝑇= ,	 respectively.	 The	
parameters	 𝛾= 	and	 𝜏= 	are	 computed	 by	 processing	 results	 from	 tests	 of	 the	
urethral	tissues	(tables	3.1	and	3.2),	whereas	the	parameters	Γ= 	and	𝑇=account	for	
data	from	tests	of	the	urethral	structure	(tables	3.1	and	3.2).	Although	the	same	
microstructural	 rearrangement	 processes	 should	 be	 expected	 at	 tissue	 and	
structure	 levels,	 differences	 have	 been	 found	 between	 parameters.	 The	
differences	can	be	explained	 in	part	because	 the	sample	preparation	 for	 tissue	
tests	requires	dissection	of	the	tubular	urethra	 into	rectangular	specimens.	The	
procedure	may	disrupt	 tissue	continuity,	with	particular	 regard	 to	collagen	and	




















models	 are	 suitable	 for	 providing	 additional	 information,	 on	 the	 basis	 of	
constitutive	 formulation	 and	 structural	 model	 variations.	 For	 this	 purpose,	
numerical	models	of	equine	urethra	are	developed.	The	developed	computational	
framework	allowed	the	investigation	of	urethral	structure	and	tissues	mechanical	
response	 considering	 different	 configurations	 depending	 on	 intraluminal	 and	




behavior	 of	 the	 urethra	 samples	 (figure	 3.9a)	 the	 effect	 on	 the	 inflation	 tests	
shows	different	trends	and	larger	intensity	variation	(figure	3.9b).	In	any	case,	the	














model	conformation.	This	preliminary	approach	 is	 justified	also	by	 the	 relevant	





material,	 geometry	 and	 contact	 conditions.	 The	 three	 dimensional	 analysis	 in	
progress	led	to	a	more	accurate	and	general	interpretation	of	the	overall	response.	
In	general,	the	computational	models	allow	the	evaluation	of	tissues	mechanical	
response	 with	 detail	 and	 accuracy.	 In	 figure	 3.11	 the	 stress	 distribution	 for	
different	values	of	intraluminal	pressure	depending	on	urine	is	reported.		
An	 interesting	 aspect	 of	 the	 analysis	 pertains	 to	 the	 tissues	 response	 when	
artificial	sphincters,	induces	lumen	occlusion.	Figure	3.12	summarizes	results	from	
numerical	analyses	that	took	into	account	the	combination	of	different	values	of	
intraluminal	 and	 external	 occluding	 pressures.	 Occlusion	 occurs	when	 external	
and	 intraluminal	pressures	almost	equalize	and	subsequently	urethral	epithelial	

































The	need	of	 endoscopic	bariatric	 techniques	 is	 discussed	 in	 the	 first	 section	of	
chapter	1,	due	to	the	many	post-surgical	complications	arising	from	laparoscopic	
treatments.	Although	actual	endoscopic	treatments	of	obesity	seem	to	be	safety	
there	 is	 a	 high	 incidence	 of	 removal.	 A	 lot	 of	 patients	 endoscopically	 treated	
experienced	serious	adverse	events	including	nausea	and	vomit,	gastric	ulcers	and	
erosion,	 esophageal	 perforation	 secondary	 to	 trauma,	 cholangitis,	 and	 liver	






mechanical	 analysis	 of	 clips	 involved	 to	 restraining	 the	 gastric	 band	 on	 the	
stomach	wall.	Gastric	banding	is	chosen	due	to	its	successfully	and	conservative	
functioning	 principle	 of	 restricting	 the	 stomach	 instead	 of	 other	more	 invasive	
techniques	 which	 will	 require	 too	 much	 sedation.	 This	 work	 will	 be	 part	 of	 a	
research	 proposed	 project	 called	 BIO-OBESE	 (BIOmechanical	 Optimization	 of	
Bariatric	 surgEry	 procedures	 and	 deSign	 of	 devices	 for	 Endoscopic	 approach),	







the	 relationships	between	 food	 intake,	mechanical	 stimulation	of	 stomach	wall	
and	 filling	of	 satiety,	 to	establish	criteria	 for	 the	definition	of	 the	optimal	post-




fields	develop	and	 their	magnitudes	exponentially	 increase	with	 the	 volume	of	
food	intake	[Carniel	et	al.,	2017].	Chapter	1	describe	the	mechanism	by	which	the	
wall	stretch	is	sensed	by	related	receptors	and	neural	signals	to	the	brain,	where	
those	 signals	 are	 converted	 to	 the	 sensation	 of	 satiety.	 The	magnitude	 of	 the	
sensation	is	related	to	the	intensity	of	the	mechanical	stimulation	of	the	stomach	
wall.		





conformation	 of	 the	 stomach.	 A	 rolled	 gastric	 band	 will	 be	 positioned	 in	 the	
desired	place	and	will	be	fixed	to	the	gastric	wall	by	clips.	A	specific	endoscopic	




at	 the	 same	 time	 by	 Gioela	 Pluchino,	 in	 which	 a	 computational	 model	 of	 the	
stomach	 is	 made	 to	 evaluate	 the	 mechanical	 response	 of	 the	 stomach	 wall	
because	 of	 clips	 application,	 gastric	 band	 stretching	 and	 stomach	 filling.	 The	
analyses	will	make	it	possible	to	identify	the	clips	and	the	band	conformation	and	






of	 this	 work	 activity,	 will	 focus	 on	 the	 clips	 design.	 They	 must	 be	 reliable,	





























































conformation	has	a	 lot	of	 advantages,	 such	as	 the	 reduction	of	 the	 transversal	
section	of	the	clip	passing	through	the	stomach	wall	and	the	endoscopic	channel,	
the	possibility	to	use	both	ends	of	the	rocker	to	perforate	the	stomach	wall,	the	




















To	 simplifying	 the	discussion,	 the	 first	model	of	 the	 clip	 is	 called	M1	while	 the	
second	is	called	M2.	Clips	M1	are	designed	with	a	basic	geometry	configuration	
(table	 4.1)	 according	 to	 the	 dimensions	 of	 the	 endoscope	 channel,	 which	 is	
supposed	to	be	a	cylindrical	channel	with	a	diameter	of	1.5÷2.0	mm.	Because	of	









































































The	 realization	of	numerical	models	of	 the	 clips	 structures	 is	performed	within	
Abaqus	 Standard	 6.14	 (Dassault	 Systèmes	 Simulia	 Corp.,	 Providence,	 RI)	 FEM	
software,	in	which	parasolid	3D	CAD	models	of	the	clips	are	imported.	For	each	
model	 is	 suddenly	 created	 a	 material	 section	 assigning	 material	 parameters,	
showed	in	table	4.2,	to	the	geometrical	model.	An	independent	instance	is	then	
created	discretized	by	means	of	 an	opportune	 tetrahedral	 and	 linear	 elements	







































































The	 first	part	of	 the	analysis	process	 is	dedicated	 to	comparing	 the	mechanical	
response	 between	 M1	 and	 M2	 clips.	 Therefore,	 the	 first	 results	 reported	 are	
related	 to	 the	 basic	 numerical	 models:	 T=0.2mm	 and	 W=0.4mm	 for	 M1	 and	
T=0.2mm	and	W=0.8mm	for	M2.	In	order	to	compare	the	different	basic	models	
results,	the	latter	are	reported	in	correspondence	of	the	same	reaction	force	value	













































































are	 realized	 (20	 for	 each	 type),	 corresponding	 to	 the	 combinations	 of	 the	 4	











































































































































































































































































































𝜎yz = 12 σ1 − σ2 S + σ2 − σ3 S + (σ3 − σ1)S	Q ≤ σy	
where	𝜎𝑦	for	the	Ti-6Al-4V	alloy	is	880	MPa,	as	reported	in	table	4.2.	
The	higher	Von	Mises	stress	obtained	in	clips	structure	loaded	width	a	reaction	
force	of	8N	is	about	753	MPa.	Thus,	the	relation	above	is	verified:	𝜎yz = 753	𝑀𝑃𝑎 ≤ 880	𝑀𝑃𝑎 = σy	
and	the	strength	criterion	is	satisfied.		







































































𝜎1 = 𝜎X1d − 𝜎X=U2 	












𝜎1	𝜎∗ + 𝜎X𝜎O = 1	
where	𝜎∗ 	is	the	reduced	value	of	the	fatigue	limit	of	the	material	according	to	the	
stresses	 concentration	 factor	 due	 to	 the	 material	 irregularity.	 This	 latter	
consideration	is	explained	by	the	following	relations:	
𝜎∗ = 𝜎𝑐X𝑐,𝑐=U𝑐 	
where	𝑐X =0.35÷0.6	 is	 the	 material	 constant;	𝑐, =1/𝐾, 	,	 with	𝐾, =1÷1.6,	 is	 the	
constant	related	to	the	standard	deviations	of	material	data;	𝑐=U<1	and	𝑐<1	are	
the	surface	finishing	and	dimensional	coefficients	of	the	material.		
According	 to	 the	purpose	of	 this	work	 these	coefficients	are	chosen	as	𝑐X=0.5,	𝑘,=1.6,	𝑐=U=1.4	and	𝑐=1.	Resulting	Haigh	diagram	is	showed	in	figure	4.39.		
In	 order	 to	 study	 the	 fatigue	 behavior	 of	 the	 structure	 the	 load	 is	 considered	
pulsing	 from	𝜎X=U=0	and	𝜎X1d=𝜎yz 	obtained	 from	static	analyses,	according	 to	
physiologic	loads	considerations	given	in	the	discussion	of	previous	static	results.	
This	results	in	a	fatigue	ratio	R=0.	
The	effective	 fatigue	 life	of	 the	devices	 is	given	 in	 terms	of	number	of	cycle	 to	
failure	N	obtained	by	means	of	Wohler	diagrams.	Diagrams	showed	in	figures	4.41	
and	4.42	are	related	to	a	𝜎X1d = 753	𝑀𝑃𝑎	and	𝜎X1d = 75	𝑀𝑃𝑎,	which	are	the	


















































Mises	 Stresses,	 as	 function	 of	 the	 rocker	 thickness,	 have	 an	 exponential	 trend	
approximatively.	 On	 the	 other	 hand,	 varying	 only	 the	 rocker	 width	 of	 the	 clip	
results	in	a	quasi-linear	trend	(figure	4.36).	Stress	curves	in	both	these	final	graphs	
are	evaluated	with	a	reaction	force	of	8N,	that	correspond	to	an	internal	stomach	
pressure	 of	 7	 KPa,	 10KPa	 or	 15	 KPa	with	 8,	 10	 or	 12	 number	 of	 clips	 applied	
respectively	 to	 fix	 the	 implant	 [Gioela	 Pluchino].	 As	 mentioned	 in	 chapter	 1,	
pressure	 forces	 during	 the	 digestive	 phase	 are	 below	 3.5	 KPa	 even	 if	 during	
peristaltic	contractions	phase	peaks	up	to	35-40	KPa	occur	in	the	pyloric	antrum.	
Is	important	to	notice	that	peaks	of	pressure	are	not	a	static	condition	and	most	



















Therefore,	 an	 8N	 reaction	 force	 to	 the	 stem	 may	 be	 considered	 a	 correct	
estimation	of	functioning	loads	involved	to	the	clip	structure.		
Previous	safety	results	lead	to	generally	affirm	that	the	novel	structure	proposed	






fatigue	 limit	 is	 observed	 at	 2605	 cycles.	On	 the	 other	 hand,	while	 geometrical	
parameters	 values	 raise	 close	 to	 the	upper	 limits,	 an	 infinite	 fatigue	 life	of	 the	
structure	 is	observed.	According	 to	 the	 curves	 slope	 trends	 in	 figures	4.43	and	
4.44,	 the	 fatigue	 behavior	 depends	more	 from	 the	 thickness	 parameter	 rather	



































investigate	 the	 problem	 by	 variation	 of	 basic	 parameters	 that	 influences	 the	









































































the	 urethral	 duct	 during	 a	 specific	water	 flow	 imposed	 (figure	 5.7).	 An	 overall	
scheme	of	the	cuff	realization	is	shown	in	figure	5.6.	The	device	is	made	with	an	
aluminum	 cylinder	 with	 a	 hydraulic	 connector	 passing	 through	 its	 wall.	 An	




the	device,	as	 the	cuff	of	common	artificial	urinary	sphincters.	 In	 this	way,	 it	 is	


























The	 experimental	 laboratory	 was	 already	 been	 equipped	 with	 an	 acquisition	
instrumentation	 self-made	 based	 on	 a	 microcontroller	 (Arduino	 MEGA	 2560,	
Arduino	LLC)	interfaced	with	the	PC.	Such	board	was	connected	with	two	analog	




by	 16	 MHz	 internal	 clock	 and	 input	 analog	 ports	 connected	 with	 8-bit	 DAC	
converter.	







instrument.	 The	 board	 is	 connected	 with	 a	 breadboard	 (figure	 5.6),	 which	 is	
supplied	 by	 a	 5V	 of	 DC	 current	 line	 directly	 from	 the	 Arduino	M0	 PRO	 board,	
according	 to	 supplying	 the	 pressure	 sensor	 needed	 for	 the	 application.	 As	
mentioned	in	the	experimental	test	design	section	of	this	chapter,	 inflation	test	
data	 collection	 requires	 at	 least	 three	 pressure	 sensors.	 The	 novel	 acquisition	
system	designed	in	this	work	is	equipped	with	four	different	sensors.	The	first	two	
sensors	are	a	1psi	sensors	(ABPDJJT001PGAA5,	Honeywell,	USA),	the	third	is	a	2psi	
sensor	 (ABPDANT160MGAA5,	 Honeywell,	 USA)	while	 the	 third	 is	 a	 5psi	 sensor	
(ABPDJJT005PGAA5,	Honeywell,	USA).	Technical	functioning	data,	packaging	and	
pinouts	of	the	sensors	are	reported	in	appendix	A.3.	Honewell’s	sensors	chosen	






































communication	with	 a	 standard	 baud	 rate	 of	 9600	 bps	 and	 correspond	 to	 the	





2013,	 National	 Instruments)	 (appendix	 5.5).	 Data	 are	 imported	 in	 LabVIEW	
runtime	 engine	 through	 serial	 communication	 and	 showed	 to	 a	 user	 interface	















by	 the	 indicators	of	 the	pressure	measured	on	 the	 relative	 sensor	and	a	 lower	






































































It	 is	 showed	 in	 figure	 5.15,	 behind	 the	 PC.	 This	 procedure	 set	 the	 constant	
parameters	of	the	calibration	vector	which	transform	the	virtual	digital	pressure	








zero	 vector	 𝑪𝒐 		 and	 the	 slope	 vector	 𝑪𝒔 ,	 saved	 to	 text	 files	 called	 Tara	 and	
Tara50	respectively	whenever	the	user	press	the	CALIBRATION	button	at	the	end	







error	 message	 and	 invites	 the	 user	 to	 restart	 the	 calibration	 procedure.	 The	
software	convert	the	string	of	digital	data	acquired	into	the	string	of	analog	data	
following	this	relation:	
𝑨 𝒊 = 	 𝑪𝒐 = + 50 𝑫 = − 𝑪𝒐 =𝑪𝒔 = − 𝑪𝒐 = 	
where	 𝑫 	is	the	vector	of	the	digital	value	obtained	from	the	input	string	and	 𝑨 	
is	the	vector	of	analog	data	in	which	 𝑫 	is	converted	in	in	cmH2O.	
The	 text	 file	 of	 data	 saved	 during	 the	 autosave	 process	 or	 at	 the	 end	 of	 an	
acquisition	 is	 composed	 by	 a	 matrix	 of	 value.	 Each	 jth	 row	 of	 such	 matrix	 is	











The	 results	 presented	 in	 chapter	 2	 show	 the	 potentiality	 of	 experimental	 and	
computational	 biomechanics	 for	 the	 investigation	of	 stomach	 functionality	 and	
the	 planning	 of	 bariatric	 surgery	 procedures	 and	 techniques.	 Experimental	
activities	 allow	 evaluating	 stomach	 pressure-volume	 behavior	 depending	 on	
surgical	methods	and	parameters.	The	increased	stomach	stiffness	after	surgery	
confirms	 the	 clinical	 evidence	 that	 bariatric	 intervention	 reduces	 the	 stomach	
capacity.	On	 the	other	 side,	 computational	methods	make	 it	 possible	 to	broad	
experimental	results	to	an	extremely	wider	scenario,	considering	many	different	
surgical	 procedures.	 Furthermore,	 computational	 models	 provide	 information	
that	experimental	methods	cannot	supply.		In	detail,	the	computational	approach	
makes	 it	possible	 to	 identify	 the	stress	and	the	strain	 fields	 in	stomach	tissues,	
whose	distribution	is	strongly	affected	by	the	bariatric	procedure.	As	an	example,	
position	and	pre-tension	value	of	the	gastric	band	have	a	relevant	impact	on	both	
the	 stomach	 capacity	 and	 the	 areas	 of	 gastric	 wall	 that	 are	 mainly	 stressed.	
Mechanical	 stimuli,	 as	 stress	 and	 strain,	 act	 on	 receptors	 that	 contribute	 to	
regulate	the	feeling	of	satiety.	Considering	the	mechano-transduction	capabilities	




A	 limitation	 of	 the	 computational	 models	 adopted	 to	 simulate	 the	 structural	
behaviour	 of	 the	 stomach	 is	 given	 by	 them	 isotropic	 formulation.	 In	 the	 first	
section	of	chapter	2,	Zhao	et	al.	activity	showed	a	remarkable	anisotropy	of	the	






anisotropic	 constitutive	 formulation	must	 be	 consider	 to	 have	 a	 better	 overall	
mechanical	behaviour	of	the	stomach	structure.	
The	knowledge	of	 the	mechanical	behaviour	of	 the	stomach	and	of	 the	related	
mechanical	 transduction	mechanism	 in	 all	 post-surgical	 conformations,	 lead	 to	
develop	 suitable	 innovative	 procedure	 in	 order	 to	 optimize	 the	 stomach	 filling	
sensation	and	the	related	filling	of	satiety.	With	the	specific	purpose	of	this	work,	
concerning	 the	 specific	 gastric	 banding	 procedure,	 computational	 results	 from	
chapter	2	allow	 to	plan	an	optimized	band	application	 in	 those	position	with	a	
higher	 stress	 magnitude	 perceived	 from	 the	 structure,	 thus	 optimizing	 the	
feedback	 satiety	 stimuli.	 Considering	 also	 the	 magnitude	 of	 the	 forces,	 which	
develop	inside	the	stomach	during	the	digestion	phase,	computational	tools	allow	








lower	 internal	 stresses.	 A	 limit	 of	 those	 results	 is	 based	 on	 the	 M2	 model	
geometrical	simplification,	by	which	numerical	analysis	are	processed	considering	
the	clip	as	a	unique	solid	model,	without	considering	 the	singular	behaviour	of	
each	 element	 acting	 against	 the	 other.	 To	 improve	 stress	 contour	 details	 and	
optimize	design	of	devices	a	further	multi-element	FEM	analysis	must	be	done.	
These	further	 investigations	may	also	lead	to	an	overall	evaluation	on	the	wear	
involved	 inside	 the	hinge.	Wear	 evaluations	 are	necessary	 to	 confirm	 the	 total	
safety	 of	 the	 implant,	 according	with	 the	 normative	 of	 all	 common	 prosthetic	
devices.	From	this	latter	point	of	view	fatigue	test	results	showed	the	possibility	





















models.	 The	 post-surgical	 configuration	 of	 the	 stomach	 will	 be	 defined	 by	
computational	 tools.	 The	 evolution	 of	 stomach	 configuration	 and	 animal	





experimental	 surgery	 will	 be	 developed	 to	 investigate	 remodeling	 phenomena	
within	stomach	tissues	and	to	identify	the	stomach	functionality	depending	on	the	



















response	 of	 the	 urethral	 tissue	 allowing	 to	 assign	 a	 specific	 constitutive	
formulation	and	the	 identification	of	 the	constitutive	parameters.	On	the	other	
hand,	computational	tools	given	from	Natali	et	al.	(2016b	and	2017),	allowed	to	
realize	numerical	models	 of	 the	 structure,	which	 are	 validated	by	 the	previous	
experimental	 data.	 Such	 computational	 tools	 form	 the	 basis	 to	 investigate	 the	




tissue	 mechanics,	 as	 almost	 incompressible	 behavior	 and	 non-linear	 elasticity.	
Biological	tissues	exhibit	a	more	complex	behavior	and	anisotropic	conformation	
and	 time-dependent	 phenomena	 should	 be	 considered.	 Moderate	 anisotropy	
could	just	characterize	the	thin	layer	of	dense	connective	tissue.	Differently,	time-
dependent	phenomena	appear	to	be	relevant	and	could	significantly	affect	stress	
within	 urethral	 tissues	 during	 protracted	 occlusive	 actions.	 The	 evaluation	 of	
viscoelastic	 properties	 is	 extremely	 important	 for	 the	 description	 of	 the	
mechanical	 behaviour	 of	 urethral	 tissues	 and	 structure.	 At	 present,	 in	
computational	modelling	for	urinary	incontinence	research,	urethral	tissues	have	
frequently	 been	 simplified	 as	 linear	 elastic	 materials.	 Instead,	 the	 viscoelastic	

























relevant	 improvement	 in	 the	 degrees	 of	 freedom,	 primarily	 for	 getting	 to	
convergence	in	the	iterative	process	and	for	an	adequate	accuracy	of	results.	In	




the	cuff,	while	marginal	opening	 is	present	 in	border	 regions	when	a	parabolic	
trend	is	assumed.	The	duct	region	in	contact	with	borders	of	the	cuff	represents,	
in	consideration	of	the	sudden	variation	of	deformational	field,	a	potential	source	
of	 problems	 in	 tissue	mechanical	 response.	 In	 fact,	 this	 condition	 can	 produce	
tissues	degradation,	because	of	the	permanence	of	a	localized	deformation	that	
does	 not	 interpret	 properly	 the	 physiological	 action	 induced	 by	 the	 natural	
sphincter.	This	is	evident	in	the	case	of	constant	load,	while	a	better	conformation	














processes	 involved,	 an	 integration	 among	 mechanical,	 surgery	 and	 material	
science	 analyses	 is	 needed.	 The	 analysis	 must	 be	 performed	 considering	 the	
occlusive	action	of	the	cuff	in	composition	with	the	pressure	induced	by	bladder	
filling.	 Urethral	 pressure	 profile	 data	 can	 represent	 a	 valid	 reference	 term	 for	
functional	evaluation.		




























condition	 of	 the	 flow,	 augmenting	 the	 resistance	 of	 the	 hydraulic	 system	 and	
consequently	 of	 the	 urethral	 duct.	 A	 suitable	 damper	 system	 placed	 in	 the	





















































































Above	 the	 mucosa,	 there	 is	 a	 layer	 of	 dense	 connective	 tissue	 showing	 an	
arrangement	of	collagen	fibrils	(figure	A.2c).	Above	the	dense	connective	tissue,	
there	 was	 a	 loose	 tissue	 containing	 the	 corpora	 spongiosa,	 blood	 vessels	 and	
smooth	muscle	 fibres	 (figure	 A.2a).	 The	 observation	 of	muscular	 structures	 on	
subsequent	 transverse	 serial	 sections	 suggested	 the	 preferential	 alignment	 of	
muscle	 fibres	 along	 the	 urethra	 in	 a	 longitudinal	 direction.	 The	 orientation	 of	
muscular	 structures	 was	 confirmed	 by	 the	 histological	 analysis	 of	 longitudinal	
sections	(figure	A.3).	The	amount	of	smooth	muscle	fibres	was	very	much	larger	in	
the	proximal	region	of	the	urethra	than	in	the	distal	portion	(figure	A.4).	 Image	
processing	 allowed	 quantitative	 identification	 of	 the	muscle	 and	 collagen	 fibre	
content,	 which	 showed	 a	 linear	 decreasing	 and	 increasing	 trend,	 respectively,	
when	 moving	 from	 the	 proximal	 to	 the	 distal	 region	 of	 the	 urethra. A	 linear	
correlation	between	the	percentage	and	position	of	each	component	 (r2	>	0.8)	
was	found	both	for	muscle	(figure	A.4a)	and	connective	fibres	(figure	A.4b).	The	































Regarding	 the	 morphology,	 in	 both	 human	 and	 equine	 penis,	 a	 transitional	
epithelium	 and	 a	 thin	 layer	 of	 dense	 connective	 tissue	 surround	 the	 lumen.	












marginal	 decrease	 in	 the	 proximal	 region	 (figure	 A.4b).	 The	 amount	 of	muscle	
fibres	 decreased	 from	 the	 proximal	 to	 the	 distal	 urethra	 (figure	 A.4a).	Muscle	
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